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1 INTRODUCTION 
Overview 
There are not many tools available for the investigation of the microscopic magnetic 
structure of materials. The most common tool is neutron scattering since the neutron is 
sensitive to magnetic ordering as well as the atomic scale structure of the sample. Two 
weak points of the neutron scattering technique, with respect to magnetic structural 
measurements, are that there are several important rare-earth elements, such as Gd, Eu 
and Sm, are opaque to neutrons, and the reciprocal space resolution of neutron scattering 
is generally not high enough for high precision measurements of magnetic wavevectors 
and their temperature dependence. 
X-ray magnetic scattering is a useful alternative to overcome the weak points of 
neutron scattering and, furthermore, has some special features. In x-ray magnetic scat­
tering, the cross-section is dependent upon the polarization of the incoming and the 
outgoing beam. The ratio of spin and orbital components of the magnetic moment can 
be derived from polarization analysis of nonresonant magnetic scattering.  Fernandez et  
al., for example, measured the spin and orbital moment magnetization form factors of 
x-ray nonresonant magnetic scattering in NiO. They found that a large contribution of 
the orbital moment to the total magnetization exists in NiO.[6] Another feature is that 
the x-ray resonant magnetic scattering (XRMS) can be used to obtain element specific 
information by tuning the x-ray energy to the absorption edge of the element of interest. 
In addition, the resonant effect provides a significant enhancement of the scattering in­
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tensity. Due to the high intensity and small divergence of synchrotron radiation, XRMS 
is useful for precise measurements of magnetic structures. Polarization analysis of the 
scattered beam can provide information concerning the magnetic moment direction. 
However, x-ray magnetic scattering also has weak points. First of all, even with 
the resonant enhancement, the intensity is still weak compared to the charge Bragg 
scattering so that powder samples are not suitable for x-ray magnetic scattering. The 
physics of the resonant enhancement itself is not fully understood yet due to the com­
plicated resonance process. Therefore, the XRMS intensity is not as well-characterized 
as the intensity of magnetic neutron scattering. One of the aims of this work is to 
further understand the resonant enhancement by XRMS at rare earth L edges and its 
applications. 
The dominant resonance at the L edges of rare-earth element does not directly involve 
the 4/ states which determine the magnetic properties. The resonance results from 
electric dipole transitions from the core level 2p states to 5d band states. Therefore, the 
same analogy which is used for the L edges of the 3d transition metals can not be applied 
to explain the intensity ratio between L2 and L3 resonances for rare earths, leading to 
the so called branching ratio problem. We approached this problem both experimentally 
and theoretically. The XRMS intensities of the Gd, Tb, Dy, Ho, Er, and Tm L2,3 
edges were measured using two isostructural samples, [Gdi/4Tbi/4Dy1/4Hoi/4]Ni2Ge2 and 
[Gdi/3Er1/3Tmi/3]Ni2Ge2. On the theoretical front, XRMS amplitudes were calculated 
from band calculations using the linearized augmented plane wave (LAPW+U) method, 
for comparison with the experimental data. 
The polarization dependence of XRMS can be used to determine the direction of the 
magnetic moments in an ordered antiferromagnet. The determination of the magnetic 
moment direction by observing single domain scattering makes it possible to discrimi­
nate between each antiferromagnetic domain and to image the antiferromagnetic domain 
structure itself. In the GdNi2Ge2 single crystal, the antiferromagnetic domains size is 
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large enough to measure single domain scattering with a small size x-ray beam. The 
intensity contrast for the different domains allows imaging of the antiferromagnetic do­
main structure using a scanning technique with a small beam size, as well as topography 
with relatively large beam size and a CCD area detector. 
As an application of the information gained from our systematic study of XRMS 
scattering amplitudes and single domain scattering, we have investigated the magnetic 
anisotropy energy associated with a collinear to spiral magnetic structural transition in 
GdNi2Ge2. We estimated the magnetic anisotropy energy from the difference of magnetic 
exchange interaction energy between two antiferrommagnetic phases and found that it 
is unexpectedly large for the isotropic character of Gd 4/ shell (L=0). 
Properties of i?Ni2Ge2 
The sample used in these studies belong to the i2Ni2Ge2 familiy and were grown 
at the Ames Laboratory using the flux-growth technique.[7] i?Ni2Ge2 crystallizes in the 
body-centered tetragonal ThCr2Si2 strucuture with space group I4/mmm (D^). Rare 
earth ions are located at Wyckoff sites 2(a) (the corner and body center of the unit cell) 
with the tetragonal point symmetry D^. The conventional unit cell is shown in Fig. 1.1 
A paramagnetic-to-antiferromagnetic transition is observed in all theses materials 
at the Néel temperature (%). These materials have been investigated to study the 
interplay between the indirect exchange interaction (RKKY interaction), which tends to 
favor long-range oscillatory structures, and the single ion magnetic anisotropy introduced 
by crystalline electric field (CEF) effects.[8, 9, 10, 11, 12] The propagation vectors of 
this materials are of the form (0 0 r) due to Fermi surface nesting, with exception of 
HoNi2Ge2, for which an additional modulation was reported.[12] 
Additional phase transitions below the ordering temperature are also found through­
out the i?Ni2Ge2 series except for the Ho, Br, and Tm.[8] In TbNi2Ge2 and DyNi2Ge2, 
4 
R 
Ni 
m 
mm 
Figure 1.1 A conventional unit cell of the i?Ni2Ge2 structure. 
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the magnetic structure is incommensurate below TN and above a second transition at 
Tt. Below Tt, the magnetic structure transforms into a commensurate antiferromagnetic 
structure, described by a set of three propagation vectors, T\ = (0 0 3/4), r2 = (1/2 1/2 0) 
and T3 = (1/2 1/2 1/2).[9, 11] In TbNi2Ge2, the ordered moments are along c axis while 
the moments are canted away from the c axis in DyNi2Ge2. A squared-up structure 
is developed below TN in both compounds due to the strong anisotropy. The second 
transition exhibited by other compounds have not been fully explained yet. 
From the magnetization measurement, significant magneto-crystalline anisotropy is 
observed in the paramagnetic phase for all but the Eu and Gd compounds. [8] For the 
Pr, Nd, Tb, and Dy members, axial anisotropy is observed while the magnetic moments 
tend to be in the basal plane for Sm, Er, and Tm members, resulting from the CEF 
anisotropy. 
The ordering temperatures (TN) of the heavy rare earth compounds seem to in­
crease with the de Gennes scaling factor with some deviations from the expected linear 
behavior. [8] This indicates that the CEF interactions can play an important role in 
determining the transition temperature as well as the single ion magnetic anisotropy. 
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2 X-RAY MAGNETIC SCATTERING AND X-RAY 
MAGNETIC CIRCULAR DICHROISM 
X-ray Magnetic Scattering 
X-rays can interact not only with the charge of the electrons in a solid but also with 
the magnetic moment of unpaired electrons. [13] de Bergevin and Brunei reported the 
first X-ray magnetic scattering results from NiO obtained using a tube source. [14] The 
nonresonant x-ray magnetic scattering is typically much smaller than the normal charge 
reflection. A rough estimate of the ratio between the charge and magnetic reflection 
intensities[15] is 
where Nm  is the number of magnetic electrons/atom, N the number of electrons/atom, 
and fm and / are the magnetic and charge form factors. For Fe and lOkeV photons, 
Also, the magnetic form factor / of an atom falls off more rapidly than the charge form 
factor because the magnetization density is more diffuse spatially than is the charge 
density. This reduces the ratio even further for magnetic peaks at larger scattering 
angles. 
However, the high brilliance x-rays from synchrotron sources allows x-ray magnetic 
scattering to be a useful technique for investigations of microscopic magnetism. X-ray 
magnetic scattering techniques can be divided into two categories. When the x-ray 
(2.1) 
~ 4 x  1 0 - "  ( s ) 2  (2.2) 
^charge 
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energy is tuned to the magnetic element absorption edge, the magnetic intensity is 
dramatically enhanced by a resonant process. The use of this enhancement is known 
as x-ray resonant magnetic scattering (XRMS). The other case is when the incident x-
ray energy is far away from the absorption edge, known as nonresonant x-ray magnetic 
scattering (NRXMS). Those two techniques have different key properties as will be 
discussed in the following sections. 
X-ray Resonant Magnetic Scattering 
As briefly mentioned, by tuning the incoming x-ray energy to an absorption edge of 
the magnetic element, a resonant enhancement of x-ray magnetic scattering intensity 
occurs. The incoming photon excites a core electron into a valence (either partially 
occupied or empty) shell and the subsequent decay of this intermediate state back to 
the original state (within lifetime F) results in the re-emission of a photon at the same 
energy as incoming photon (elastic scattering).(See Fig. 2.1) Since the absorption edges 
of elements are well-separated, resonances introduce element specific sensitivity for in­
vestigating magnetic structures. This is not possible by other techniques, and has found 
remarkable new applications in the soft x-ray range, particularly through x-ray magnetic 
circular dichroism (XMCD). 
Theoretical approach to XRMS 
From the Blume's paper [15], the interaction Hamiltonian for electrons in a quantized 
electromagnetic field is written as 
H 
= Ç 2^ ® "* îÂ(f'))2 + Ç V{r,i) ™ 2^  Ç S"j ' Vj X A(fi) 
" , Z ij • Ëlf,)  x (p, - + 53 tw- k(é(k\)c(k\)  + -  ) 
Ame; j c tA 
This contains the quantized electromagnetic field energy, the kinetic and potential energy 
of electrons, and Zeeman and spin-orbit interaction terms. From the interaction Hamil-
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L3 edge 
outgoing photon Incoming photon 
3/2 
1/2 t 
Figure 2.1 A schematic view of the XRMS process. The figure shows the 
states when the core hole electron is excited above the Fermi 
level. The excitation and decay processes of the core electron 
happen within the core hole life time (F). The offset in energy 
between spin up and down states results from the magnetic ex­
change interaction. 
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tonian given above, the scattering cross section can be calculated using perturbation 
expansion up to the second order as, 
d2a 
< b\ ^e lQ' r iSj\a > • (ë't x e) 
e2  
=  f _ ) 2  
. hco 
I-  2 
me1 3 
h2  /< + i(k'  x ë't) • Si]e >< c|[^- + x e) • syje^'^' |o > 
+ m c i~j V Ea-  E c  + hu k  -  iT c /2 
< + i(fc x ê) • Sj]e%*' r i \c  >< c |[^i. _|_ x e't) . >\ 2 
Ea — Ec — huk J 
•S(Ea  — Ei,  + hoj k  — hu k>). (2.3) 
The first term is normal Thompson scattering and the second is the nonresonant spin 
scattering. The third and fourth terms are the second perturbation expansion of the 
electromagnetic scattering. In the second order terms, the intermediate state falls into 
two classes: those in which the incoming photon has been annihilated first (the third 
term) and those in which the scattered photon has been created first (the fourth term). 
When the incident photon energy is close to the difference in energy between the initial 
and the intermediate states (hoj ~ Ec — Ea or hu ~ Ea — Ec), the contributions of 
the third and fourth term increase dramatically, although they are still considerably 
smaller than the Thompson scattering. If we take the initial state of the electron lower 
than the intermediate state, then the fourth term makes a negligible contribution to the 
resonant scattering. For antiferromagnets, the charge and magnetic Bragg reflections 
are usually well separated, therefore the third term dominates the magnetic scattering 
at the magnetic wavevector. 
In XRMS, the electric dipole resonance is dominant, so that we will only consider 
the electric dipole (El) interaction. The third term of Eq. 2.3 may be rewritten as the 
resonant scattering amplitude: 
F ( e V ^ ' Pi\c X C\t ' Pj\a > Zr> ,|\ 
fxRES.K, -(-) ÇÇ K_Ec + hwt_iVc/2 • <2'4> 
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The indices, i  and j  indicate each electron in the material. For the elastic scattering 
case, the excited electron and the recombined electron are same. In addition, a mo­
mentum operator can be substituted for by a position operator using the commutation 
relation between the total  Energy Hamiltonian and the posit ion operator p = ™[H,x].  
Therefore, Eq. 2.4 can be expressed as: 
„ f e \2 < a\^ • pj\c>< c\e-pj\a > 
FxBES
-
m 
~ W ÇÇ £„- Ec + huk -irc/2 
_ (  \  (J? _  P A \ E  ^  '  %J\ C  X C \T '  \ A  (2.5) 
Polarization dependence of the resonant scattering amplitude 
For the first harmonic magnetic reflection, the resonant scattering amplitude turns 
out to be1 
/  02 \  
FX RES, EL 
, rnc 
(E c-Ea)2^— ^ r Y n^ > I2  ~ I < / l r y i - iN > I2  (-%(6"xe)-z). (2.6) 
Ea — Ec -\- hu)k — iT/2 
The former part is related to the resonance enhancement which is different for each 
element and absorption edge. The latter part of this equation, (—i(e'* x e) • z), shows 
that the polarization dependence of the resonant scattering amplitude depends upon the 
magnetic moment direction. In the coordinate system shown in Fig. 2.2, the polarization 
dependence of the resonant scattering amplitude will be 
F XRES,£71 
/ \ 
V F% } 
0 z\  cos 9 + z3  sin 9 
—Zi cos 9 + z3  sin 9 —z2  sin 9 
\ / \ 
y A, y 
(2.7) 
where F^ and Aa  are the scattered and incoming photon amplitude with electric field 
directions perpendicular to the scattering plane (a polarization), respectively. F^ and 
An are the photon amplitudes with electric field directions in the scattering plane (TT 
polarization). 
1The detailed calculation is shown in appendix B. 
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k 
~£o 
Figure 2.2 The coordinate system used for the polarization dependence of 
the resonant scattering amplitudes described in the text, k and 
k' are the incident and scattered wave vectors and 29 is scat­
tering angle. ea and are the components of the polarization 
perpendicular and parallel to the scattering plane. 
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Synchrotron radiation is linearly polarized in the plane of the storage ring so that 
we can use either a to ir or 7r to a geometry to measure the magnetic scattering while 
supressing the charge scattering. The typical setup is the o to 7r geometry. The electric 
field of the incident photon is horizontally polarized and the scattering plane is vertical. 
A polarization analyzer is mounted in front of the detector with its scattering plane 
perpendicular to the sample scattering plane. When the scattering is specular (0IN = 
9OUT), the magnetic scattering intensity can be expressed as: 
IXRES EL (% - E.)2 < f\rYn\i  > < f\rYi-i \ i  > \mc /  
(—z\ cos 9 + z3  sin 9) 
Ea — Ec + hook — iT/2 
2 1 1 (2.8) f i (E) sin 29, 
where n(E) is the sample absorption coefficient and 1 / sin 29 is the Lorentz factor for 
crystal. In Eq. 2.8 the foot print of the incoming beam and the penetration depth cancel 
because they are inversely proportional each other. 
Nonresonant X-ray Magnetic Scattering 
In certain cases, the resonant process of XRMS is neither well understood nor ef­
ficient, especially at K edges for 3d transition metals. Nonresonant x-ray magnetic 
scattering may be appropriate for these situations. The scattering amplitude of nonres­
onant x-ray magnetic scattering is directly related to the magnetic moments of the ions. 
While neutron scattering does not distinguish between spin (S) and orbital momentum 
(L), S and L contribute differently to the scattering amplitude of nonresonant x-ray 
magnetic scattering. The scattering amplitudes are: 
( 
( \ 
p nonres 
rnonres 
X «• 
S-2 sin 29 
2sin2 9[(Li + Si) cos# 
+S3 sin 9} 
—2 sin2 9[{L\ + Si)  cos 9 
-S3 sin 9] 
— sin 29[2L2  sin2 9 + S2] 
\ 
AT ! 
.(2.9) 
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where F"onres and F"onres are the scattering strength for a polarization and TT polarization, 
respectively and Aa^ are the incoming photon amplitudes. Li and Si (i = 1,2,3) 
are the magnetic scattering form factors for orbital and spin moments and the indices 
indicate the component of L and S in the coordinate system shown in Fig. 2.2. Those 
form factors are dependent on the scattering vector Q, similar to normal charge form 
factors. By careful polarization analysis, the ratio between the spin and orbital moment 
contributions can be obtained. [6] For probing the sample bulk, high energy x-ray (photon 
energies above 80 keV) can be used since the penetration depth for these energies is in 
the millimeter range. [16] Samples become more transparent to the x-ray beam and all 
magnetic Bragg reflections become accessible independent of the sample shape. For high 
energies, the scattering amplitude is sensitive only to the spin component perpendicular 
to the scattering plane and the contribution of the orbital angular momentum can be 
ignored in most cases due to kinematical factors. 
X-ray Magnetic Circular Dichroism (XMCD) 
XRMS and XMCD are based on the same physical process. One is used to investigate 
antiferromagnetism and the other is used for studying ferromagnetism. In this section, 
XMCD is reviewed briefly and compared with XRMS. 
Basics of XMCD 
When the incoming x-ray is tuned to the absorption energy, the core level electron is 
excited to unoccupied states above the Fermi level. The transition rate is related to the 
electron occupation of the excited state, the overlap of wavefunction between the initial 
state and final state, and the polarization of the incident beam. XMCD makes use of the 
different transition rates for right and left circularly polarized light in a ferromagnetically 
ordered material. The maximum difference is observed when the x-ray beam direction 
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is parallel to the axis of the magnetization which, in turn, is usually determined by an 
external applied magnetic field. 
For example, let us take the XMCD process in the 3d transition metal. The magnetic 
property of the 3d transition metal is contained in the 3d orbital state and the principal 
excitations occur from the 2p core state to the 3d state at L edge (dipole transition 
El). The right circular polarized photon excites the 2p core electron with a change of 
the azimuthal quantum number, Am = +1, +2, +3, • • • and for left circularly polarized 
light, Am = —1, —2, —3, • • •. 
The transition rate for the right and left circularly polarized light is mainly dependent 
on the electron occupation of the final state in the case of 3d transition metals. Hence, 
the orbital and spin moment of 3d state can be obtained separately, by careful analysis 
of the L3 and L2 dichroism "flipping ratios" (sum rule). 
A tool for a derivation of the quantity is given by the sum rules calculated by Thole, 
Carra et. al. for the atomic limit.[17,18] According to the atomic calculation, the orbital 
angular momentum of the 3d can be expressed as[17]: 
Ji/2,3 du){ii n ) _ 1 . . , > 
_L,3dw(//+ + /j-+/) 2(m-10/ ^ I ' ^ 
where is the absorption coefficient for the magnetic moments parallel, antiparallel 
and perpendicular to the photon angular momentum vector, respectively and n  is the 
number of electrons in the 3d orbital. The spin sum rule can be written with an isotropic 
spin term (Sz) and the anisotropic dipole term (Tz) as[18]: 
Il3 dio{ii+ - n~) - 2 J h 2  du( f i +  - /i~) _ 2 , 7 . . . 
+ //- + /) 3(n - 10) ^  + 3(n - 10) ^  ^ ^ 
Usually (S z )  can be neglected with respect to (S z )  because (T z )  appears to be sufficiently 
quenched. 
Because the sum rule is based on an atomic model, it agrees well with the experimen­
tal results only when the 3d states are well localized. For delocalized 3d states theoretical 
calculations must be done that include details of the electronic band structure. 
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XMCD at rare-earth element L edges 
For rare-earth elements the magnetic properties are determined by the filling of the 
4/ shell. However, XMCD at rare-earth element L edges does not probe the magnetic 
shell (4/) directly, because the main effects of the XMCD result from El transitions 
(2p -> 5d). However, the 5d states of the rare-earth elements have strong exchange 
interactions with the 4/ states, so that the nature of the 4/ magnetic moment ordering 
can be derived indirectly by investigating the 5d state. 
In most cases, the 5d state is occupied by one electron out of the 10 possible states. 
Therefore, the occupation of the electron in 5d state does not play an important role. 
The overlap of the wavefunction between the 2p and 5d orbitals largely determines the 
magnitude of XMCD. The 4/ — 5d interaction changes the radial distribution of the 5d 
electron according to the its spin state. When the 5d spin moment is parallel to the 4/ 
spin moment, the 5d radial distribution is attracted to the 4/ electrons, while if the 4/ 
and bd spin moments are antiparallel, they repel each other (the so called "breathing" 
effect).[1] Figure 2.3 shows the spin dependent radial distribution of the 5d state. This 
"breathing" effect changes the density of 5d electrons near the position 2p electron, and 
so the transition probability is different for spin-up and spin-down states. For this reason 
the sum rule is not valid in the XMCD of rare earth L edges. 
XRMS and XMCD 
Basically, XRMS and XMCD are almost the same process. However, while XMCD is 
related only to the excitation of core electrons, XRMS uses the scattering photon from 
the recombination of the excited electron. Hence, XRMS is a bit more complicated and 
depends upon the x-ray beam direction and the ordered magnetic moment direction. In 
terms of the resonant amplitude, however, the imaginary part of the XRMS amplitude 
for the first harmonic magnetic satellite corresponds to the XMCD cross-section. Based 
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Figure 2.3 Spin-polarized 5d orbitals and the spin-up 6s orbital in atomic 
gadolinium. [1] 
upon this fact, careful investigations and analysis have been done for XRMS of the 
Ag/Ni multi-layer at Ni L edges, by applying the sum rule which is used in XMCD.[19] 
In order to separate the real and imaginary part of the XRMS scattering, they measured 
the asymmetric ratio of the diffraction intensity for the two opposite directions of applied 
magnetic field with a circularly polarized beam. The XMCD data the XRMS equivalent 
value can be deduced by using a Kramer-Kronig relation. 
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3 THE XRMS INTENSITIES AT RARE EARTH L EDGES 
AND THE BRANCHING RATIO PROBLEM 
To probe the magnetic properties directly, the magnetic shell should be the excited 
state for the resonant process, such as the 3d shell for the 3d transition elements, the 
4/ shell for rare earths, and the 5/ shell for the actinides. These energies are fixed for 
each element, depending on the initial core state. However, for the transition to the 3d 
states of transition metals and 4/ states of the rare earths, the energies are too small 
(wavelengths too long) to fulfill Bragg's law for scattering measurement unless multi­
layers or reflectivity measurements are considered. The largest resonant enhancement 
in scattering experiments is found at the M4.5 edges of the actinides where a core 3d 
state is promoted into a partially occupied and spin polarized 5/ shell. [20] The mag­
netic reflection is enhanced by 107 relative to the nonresonant component far above the 
edge. These transitions occur in the 2-5 keV range which makes them only marginally 
acceptable for scattering measurements. 
For the rare earths, the M edges are too low in energy, but the L edges are suit­
able for the scattering measurements and, in fact, it was at the L edges of Ho that 
the initial resonant scattering experiments were done by Gibbs et al.[21] The L edges 
involve transitions from the 2p core states to the 5d states. Due to the strong exchange 
interaction between 4/ and 5d states, 5d states splits into spin up and spin down states 
which reflect the spin state of the 4/ band. Therefore, the resonant scattering signal is 
considered to reflect the ordering of the 4/ spins. However, since XRMS of L edges is not 
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directly coupled to the magnetic 4/ state, the intensity of magnetic reflection may not 
be proportional to the magnitude of the magnetic moment. Nevertheless, an experiment 
on a mixed (Eu,Gd)S alloy did show that the temperature dependence of the XRMS 
intensity is proportional to the temperature dependence of neutron scattering intensity 
(represent the magnitude of the magnetic moment directly) when the XRMS intensities 
of Gd and Eu L edges are summed, according to the stoichiometry (See Fig. 3.1).[2] 
This suggests that we may, at least, assume that the magnetic intensity of XRMS of Gd 
and Eu L edges represent the magnitude of 4/ moments because both Eu2+ and Gd3+ 
are S-state ions having no orbital moment in 4/ state. On the contrary, the orbital 
contribution comprises a large part of the magnitude of 4/ magnetic moment for other 
rare earths. Therefore, a further understanding of the XRMS process is necessary to 
obtain information on the 4/ moment from the XRMS intensity. 
Important factors for the resonant enhancement at rare earth L 
edges 
The dominant resonant process at rare earth L edges is the dipole (E l )  transition 
(2p to 5d). Hence, the important factors for the resonant enhancement are connected to 
the 2p and 5d states and their relation. Here, these factors will be discussed in turn. 
Spin polarization of the 5 d band 
The number of empty states (number of holes) in the 5d band might be considered 
important for the resonant enhancement. In fact, the number of empty states in the 
3d transition metals is directly related to XMCD signal at their respective L edges. 
However, for rare-earth element L edges, the 5d states are nearly empty and, in most 
cases, only one electron state is occupied. The ratio of hole states between the spin 
up  and  down i s  expec ted  to  be  c lose  to  1 .  Addi t iona l ly ,  t he  resonance  fo r  the  El  
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transition occurs a few eV above the absorption edge. This indicates that the occupied 
electron states, which are the states below Fermi level, do not contribute to the resonant 
enhancement. 
Transition matrix element 
The probability for the 2p  to 5d  E l  transition depends directly upon the transition 
matrix element which, in turn, is connected with the overlap between the initial state 
and intermediate state. The larger the overlap between the 2p and 5d states, the higher 
the transition probability. This overlap is influenced mostly by the 4/ — 5d exchange 
interaction. As mentioned in chapter 2, when the spin of 5d state is parallel to the spin of 
4/ state, the radial distribution of the 5d orbital is contracted ("breathing effect"). This 
contraction causes more overlap between the 5d and the 2p state. In this way, there is a 
spin dependence of the transition matrix elements for spin up and spin down states and 
this value corresponds to the resonant enhancement. Figure 3.2 shows the spin of the 
4/ state versus the difference between spin up and spin down radial transition matrix 
elements by a first principles band calculation. [22] In this calculation the 4/ orbital 
momentum is force to be zero, disobeying Hund's rule. The calculation was performed 
on the pure rare-earth elements in the hep crystallographic structure. Consequently, the 
4/ — 5d exchange interaction is only dependent on the spin moments in this calculation. 
The difference of the radial transition matrix elements is proportional to the 4/ spin 
moment. This implies that the resonant enhancement is correlated with the 4/ spin 
moment of the rare-earth elements. 
5 d state energy splitting by the 4/-5d exchange interaction 
The energy of 5d states are split into the spin up and the spin down states by the 
4/ — 5d exchange interaction. This is much stronger than the inter-atomic exchange 
interaction. The energy splitting at the Fermi level is estimated to be about 0.65 eV 
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matrix elements plotted against the spin of the 4/ state. 
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for Gd and 0.14 eV for Tm by atomic calculations. Hence, the transition energy for the 
spin up states is a few tenths of an electron volt lower than the spin down state. This 
also introduces an asymmetric energy line shape for the resonance, which is discussed in 
appendix B in more detail. This energy splitting is proportional to the spin moment of 
4/ state because the 4/ — 5d exchange interaction is a spin-spin interaction. Normally, 
the square of 4/ spin moment and strength of exchange interaction follows de Gennes 
factor. However, when the 4/ state is strongly affected by the crystalline electric field, 
the spin state of 4/ and the magnetic ordering temperature (Néel temperature) do not 
follow de Gennes scaling. [23] Nevertheless, the Af—5d interaction, as well as the exchange 
energy splitting, remains proportional to the 4/ spin moment. Therefore, quantifying 
the resonant enhancement can give us information about the energy splitting of the 5d 
state. 
The energy splitting itself plays a important role of the resonant enhancement. Ac­
cording to equation B.6 (See appendix B) the scattering strength is 
fxRES,E1 <X %p,  (_£t + ^  _ jr/2 " _ El + ^ _ iT/2)  K - X £) ' *)• 
(3.1) 
where, R is the ratio of the transition rates between spin up and spin down, R2^p^/I^p^. 
Figure 3.3 shows calculated intensities for XRMS and XMCD using this simple model 
with the variation of parameters, R and E± — E^. Even though this model is simple, 
it is instructive for a description of the complicated energy line shape for ferromagnetic 
XRMS from a EuS single crystal that results from the interference of charge and magnetic 
scattering. [24] The XMCD was taken as the imaginary part of the XRMS scattering 
strength. In this calculation, two simple Lorentzians were used for the spin up and 
spin down transitions and the width of the each Lorentzian is 8 eV. According to the 
band calculation, R\/R2 for ferromagnetic Gd metal is 0.9, and it is higher than 0.9 for 
the other heavy rare-earth elements. The 5d energy splitting range (0.05 ~ 0.65 eV) is 
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estimated from the atomic calculation. When R is unity, the lineshape of the XMCD is 
dispersive but the intensity of the XRMS is symmetric because the intensity consists of 
real and imaginary scattering strengths. From the figure, it is noticed that the energy 
splitting is strongly related to the resonant enhancement. On the other hand, a change 
in R does not affect to the resonant enhancement as strongly as the energy splitting. 
Branching ratio 
One of the most interesting problems in XMCD and XRMS is the so-called "branch­
ing ratio" problem in rare earths. The branching ratio is the ratio of intensities of 
XMCD (XRMS) for the L3 and L2 absorption edges. It has been found, in both XRMS 
and XMCD, that the magnetic intensities obtained at the L3 edges of the heavier rare 
earths (Tb and higher) are stronger than those obtained at the corresponding L2 edges. 
In contrast, the intensities obtained at the L2 edges of the light rare earths (Sm and 
lower) are much stronger than obtained at the L3 edges. [25, 26] At the L3 edge, the res­
onance process involves electrons with spin and orbital momentums "in phase", parallel 
to each other (j — I + s), while at L2 edges, electrons' spin and orbital momentums are 
"out of phase", antiparallel (j = I — s). For 4/ angular moment states of the heavy rare 
earths, the spin and orbital momentums are parallel to each other, while the spin and 
orbital momentums are antiparallel for the light rare earths. Therefore, it seems that 
there might be a relation between the branching ratio and the configuration of 4/ spin 
and orbital moments. 
T. Jo and S. Imada tried to explain the intensities and the branching ratios of rare-
earths in XMCD with the simple assumption that the 5d electron occupation follows 
4/ electron filling due to the 4/ — 5d hybridization. [27] However, the sign of XMCD 
calculation was opposite to the measured data. Other atomic calculations have been done 
considering the "breathing effect" [1] to solve the sign problem. [28, 29] These seem to 
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explain the branching ratios successfully, but there is a disagreement with the measured 
data[25] and band calculation[30] in the intensity relation among the rare earths L edges. 
All the atomic calculations are based on the assumption that the 5d electron occupation 
follows 4/ electron filling, so that the XMCD intensity should be proportional to orbital 
angular momentum Lz of 5d state. Hence, the Dy and Ho L3 edges are expected to be 
the maximum intensity among the heavy rare-earths. In contrast, the orbital angular 
momentum of 4/ state does not significantly affect the 5d state in the band calculations. 
The band calculation result shows that the XMCD intensity for SI transition seems to 
be proportional to the 4/ — 5d interaction of each elements. [30] and it corresponds to 
with the experiment data. [25] 
Recently, Langridge et al. found that the branching ratio changes dramatically with 
temperature in the DyFe4Al8 compound. [3] It is know that the Fe sublattice orders at 
TN =  165  K,  whereas  the  4 /  moments  o f  Dy  sub la t t i ce  do  no t  o rde r  un t i l  T D y  =~ 50  K 
from Môssbauer and neutron scattering. The temperature dependence of the intensities 
obtained at the Dy L2 and L3 edges is shown in Fig. 3.4. The intensity at the L3 edge 
(open squares) appears below TN, which is associated with the induced polarization of 
the 5d Dy band by the Fe 3d moments. It increases suddenly around 20 K. In contrast, 
the intensity measured at the L2 edge (open triangles), which also appears below TN, 
decreases near Tby. The temperature dependent branching ratio is shown in the inset 
in Fig. 3.4. This suggests that the band structure could be the important role in for the 
resonant scattering cross-section. 
The measurement of XRMS intensity and the branching ratio among rare-earth L 
edges have not been studied systematically because the scattering intensity is difficult 
to normalize for different photon energies and sample conditions. The next section 
discusses the first systematic measurements of the relation of XRMS intensities and the 
branching ratio among rare-earth L edges along with the theoretical approach through 
first principle band calculations. 
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Figure 3.4 Temperature dependence of the energy integrated intensity of 
the (4 4 0) + q satellite in the a —> 7r channel as measured at the 
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These intensities have not been corrected for the small differ­
ence in absorption at the two edges. The derived temperature 
dependence of the branching ratio is shown in the inset.[3] 
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Systematics of X-ray Resonant Scattering Amplitudes in i2Ni2Ge2: 
The Origin of the Branching Ratio at the L edges of the Heavy 
Rare Earths 
(Physical Review B [in press]) 
An investigation of the x-ray resonant magnetic scattering (XRMS) across the series 
of heavy rare-earth elements, coupled with first principles calculations, has revealed that 
sp in -orb i t  coup l ing  in  the  5d  band  p lays  a  cr i t i ca l  ro le  i n  the  sys temat ics  o f  t he  XRMS 
and x-ray magnetic circular dichroism (XMCD) branching ratio at the L edges of mag­
netic rare-earth compounds. 
Magnetic x-ray scattering and spectroscopy techniques, such as x-ray resonant mag­
netic scattering (XRMS) and x-ray magnetic circular dichroism (XMCD), have become 
valuable new tools for the study of magnetic materials. [31] XMCD in particular has be­
come a powerful technique which, when combined with sum rules derived from an atomic 
model, yields direct information about orbital specific spin and orbital moments. [17, 18] 
These sum rules are rather accurate when applied to solids containing transition metals, 
and their applicability has been confirmed for solids by band structure calculations. [32] 
Unfortunately the same sum rules for the L2 and L3 absorption edges in rare earth ma­
terials do not work. Further investigations of the systematics and underlying physics of 
XRMS and XMCD at the rare earth L2 and L3 edges are required. 
XRMS and XMCD are closely related, both arising from electronic transitions be­
tween core levels to higher lying empty orbitals at the x-ray absorption edges of magnetic 
ions. There remain, however, several unresolved issues concerning the details and sys­
tematics of the resonant scattering amplitudes in rare earth compounds.[32] At the L 
edges of the rare-earth elements, these processes primarily involve electric dipole tran­
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sitions (El) from the 2pi/2 (L2 edge) and 2p3/2 (L3 edge) core levels to the empty 5d 
states. Unlike nonresonant magnetic x-ray scattering, where the intensity of magnetic 
diffraction peaks can be related directly to the spin and orbital magnetization density 
of the 4/ electrons, XRMS measurements of rare earth L2 and L3 edges probe magnetic 
order through the spin polarization of the 5d states. Therefore, they can be influenced 
by a number of factors, including the exchange interaction with the partially filled 4/ 
shell, spin-orbit coupling (SOC), band structure and crystal-electric field effects. Infor­
mation about the 5d electrons is important because they play such an essential role in 
coupling the 4/ moments with each other (the RKKY mechanism), which results in the 
often exotic magnetic structures exhibited by rare earth materials. 
Deciphering the information contained in XMCD and XRMS amplitudes, and relat­
ing these amplitudes to the details of the electronic and magnetic structure of the mater­
ial, are important, but difficult tasks. Over the past few years, one of the most intriguing 
issues has been the so-called branching ratio problem in the rare-earth elements. [31] Mea­
surements of the ratio of the L3/L2 resonant scattering intensity consistently show that 
the L3 edge intensities are significantly larger than the corresponding L2 edge intensities 
for the heavy rare-earth elements, whereas the inverse is true for the light rare-earths. 
Since the resonant scattering cross-section and XMCD amplitude are closely related, the 
same trend is observed in the relative amplitudes of XMCD measurements at the L2 and 
I/3 edges of rare earth compounds. 
Spin-polarized band structure calculations which include only the 4/-5d exchange 
interaction (no conduction-band SOC or 4/ orbital polarization), produce a branching 
ratio across the entire rare-earth series equal to unity (1:1 for XRMS and 1:-1 for XMCD). 
Atomic models, [29, 33] with parameterized 5d orbitals, have met with some success in 
explaining the branching ratios observed in the _R2Fei? series, for example, by including 
4/ orbital polarization and introducing "breathing" (a contraction of the spin-up radial 
function relative to the spin-down radial function) of the 5d orbitals. This increases 
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the overlap of the 5d spin-up states with the 2p core states, as first shown by Harmon 
and Freeman. [1, 34] Being primarily atomic models, however, they do not include the 
strong dependence of the radial functions on band energies. Indeed, the 4/-5e? exchange 
energy corresponding to the bonding and antibonding 5d states differs by more than a 
factor of two. By neglecting solid state effects, not only do the atomic models incorrectly 
incorporate the 5d radial dependence on band energy, but this error is amplified in the 
2p to 5d optical matrix elements, and can not be corrected by implementing a single so-
called "breathing" parameter of the atomic models, introduced to model the differences 
between spin up and spin down radial functions (with no energy dependence). 
The atomic models when trying to describe the L3 and L2 branching ratio for the 
dichroic spectra also neglect spin orbit coupling in the 5d final states, although it is well 
known that the L3 and L2 intensity for the absorption edges differ from the statistically 
expected 2 to 1 ratio because of the spin orbit coupling in the 5d final states. [35] Nev­
ertheless the atomic models have been able to produce the trend seen in the observed 
LZ/L2 XMCD and XRMS branching ratios. The key ingredient in the atomic models 
which allows some success is the inclusion of 4/-5d multipole Coulomb interactions; [29] 
however, we find that these interactions are small compared to the solid state effects (the 
5d bands are 8 eV wide), and are not responsible for the large variation in the Z3/L2 ra­
tio across the heavy rare earth series. Indeed, until now the origin of the variation of the 
branching ratio in the heavy rare-earth compounds has remained problematical, [32] and 
the extension of current treatments of both XRMS and XMCD amplitudes to extract 
compound specific magnetic property information remains a priority. 
Here, we take an important step in addressing this issue through a systematic study 
of the XRMS branching ratio at the L edges of heavy rare-earths in /?Ni2Ge2 com­
pounds (ThCr2Si2 structure, space group M/mmm) for R = Gd through Tm. Our 
approach involves exploiting the fact that similarities in the chemistry of rare-earth ele­
ments across the series allow the easy substitution of one rare-earth element for another 
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in isostructural compounds. Since the resonant scattering at each absorption edge is 
element-specific, probing the systematics of resonant scattering associated with several 
different rare-earth elements is possible using only a few mixed rare-earth samples. This 
helps to reduce the uncertainty in the measurements arising from variations in quality 
and mosaic from sample-to-sample. Further, the relatively straightforward incommen­
surate antiferromagnetic structure found at low temperature in the _RNi2Ge2 family of 
compounds has been the subject of prior XRMS and single-crystal neutron scattering 
investigations [9, 10, 11] as well as polycrystalline neutron measurements. [36] 
Our results concerning the branching ratio across the series are compared with 
dichroic amplitudes calculated for the hep heavy rare-earth elements in the ferromagnetic 
state (for XMCD) using the self-consistent scalar relativistic full potential LAPW+U 
method, with SOC added as a perturbation. We show that by including SOC in the 5d 
states, the 1:1 branching ratio across the rare earth series is dramatically changed, and 
brought into substantial agreement with experiment. 
Experimental Details 
Single crystals of [Gd1/3Eri/3Tmi/3]Ni2Ge2 and [Gd1/,4Tbi/4Dy1/4Hoi/4]Ni2Ge2 were 
produced at the Ames Laboratory using the high-temperature solution-growth technique. [7, 
8] The ENi2Ge2 compounds order antiferromagnetically, via the indirect exchange (RKKY) 
interaction, below Néel temperatures (%) ranging from 1.5 K for Tm to 27.1 K for Gd.[8] 
The values of TN for the mixed rare-earth samples used in this experiment were approxi­
mately 12 K for both compounds. The moderate value of together with the absence 
of additional magnetic transitions in the bulk susceptibility measurements of the samples 
is consistent with a random substitution of the rare-earth elements. 
XRMS measurements were performed on the 6ID-B beam line in the MUG AT Sec­
tor at the Advanced Photon Source. A liquid nitrogen cooled, double crystal Si(lll) 
monochromator and a bent mirror were used to select the incident photon energy, focus 
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the beam, and suppress higher-order harmonics. The sample was mounted on a copper 
rod on the cold finger of a closed cycle displex refrigerator. All measurements were 
carried out at the base temperature of the displex, about 7 K. The sample, oriented 
so that the scattering plane of the experiment was coincident with the (hQl) zone, was 
encapsulated in a Be dome with a He exchange gas to enhance thermal transfer. The 
resonant scattering measurements were carried out with the incident radiation linearly 
polarized perpendicular to the scattering plane (a-polarization). In this geometry, only 
the component of the magnetic moment that is in the scattering plane will contribute to 
the resonant scattering arising from electric dipole transitions from the 2p-to-5d states. 
The linear polarization of the scattered radiation for dipole resonant scattering is par­
allel to the scattering plane (^-polarization). A pyrolytic graphite analyzer PG(0 0 6), 
optimized to select primarily ^-polarized radiation was used to reduce the background 
from charge scattering. 
The antiferromagnetic ordering below TN in the .RNi2Ge2 compounds is characterized 
by a wavevector of the form (0 0 TZ), with TZ ranging from about 0.75 to 0.81. For 
[Gd1/4Tb1/4Dy1/4Hoi/4]Ni2Ge2, below TN, TZ = 0.752 ± 0.001. In Fig. 3.5a we show the 
results of measurements of the angular dependence[37] of the resonant scattering at the 
Gd L3 edge indicating that the magnetic moment lies primarily along the c axis of the 
tetragonal structure, consistent with the axial anisotropy expected for the Tb, Dy and 
Ho compounds.[8] For [Gd1/3Er1/3Tmi/3]Ni2Ge2, rz = 0.759 ± 0.001 and the magnetic 
moment lies primarily within the basal plane (Fig. 3.5b) of the tetragonal structure, 
consistent with the planar anisotropy expected for the Er and Tm compounds. [8] 
For each of the two samples, the XRMS intensity was recorded at all of the rare 
earth L2 and L3 absorption edges over a range of approximately ±25 eV about the ab­
sorption edge energy. At each energy, the integrated intensity of the magnetic satellite 
at (0 0 6-)-TZ) was obtained with a rocking scan through the sample mosaic. The same 
procedure was used to obtain backgrounds for the energy spectra above the respective 
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Figure 3.5 Integrated intensities of (0 0 L ± T) reflections measured 
at Gd L3 edge for (a) [Gdi/4Tbi/4Dy1/4Hoi/4]Ni2Ge2 and (b) 
[Gdi/3Eri/3Tmi/3]Ni2Ge2. The solid lines represent the fits to 
the data with / — A(—z\ cos 0 + z3 sin#)2/ sin 29 where A is a 
scaling factor and z\ and z3 are the components of the magnetic 
moment unit vector along the a and c directions, respectively. 
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Tn for each sample. In order to extract and compare the resonant scattering intensities 
at the various edges, separated by several keV in energy, careful account must be taken 
of sample and beam line absorption factors over the entire energy range. These energy 
dependent corrections were obtained through energy scans over the range of interest 
with powders of the two samples. In addition, the throughput of the beam line optics 
and the polarization analyzer were measured over the entire energy range. For sample 
absorption corrections, small single crystal pieces were ground to prepare a fine powder 
sample. The powder was uniformly spread over scotch tape and stacked to achieve ap­
proximately one absorption length. The transmission through the sample was measured 
for all relevant energy ranges. The same number of scotch tape layers, without sample, 
were measured under the same conditions to remove the contribution of the scotch tape 
itself. The energy dependent absorption coefficient, n(E) was used to correct the mag­
netic scattering intensity in each energy range. From the monitor (ion chamber) to the 
detector, the incident and scattered x-ray beam passes through various media including 
air, the Be windows of the vacuum beam paths, the Be domes of the cryostat, and the 
polarization analyzer. Furthermore, the response of the ion chamber, used as a monitor, 
and the efficiency of the polarization analyzer are energy dependent as well. Therefore, 
the throughput of the beam line was measured for all the relevant energy ranges with 
the same configuration as for the scattering measurement using the direct beam and 
correcting for the necessary attenuation of the beam (by Al), the polarization factor 
cos2 20analyzer, and the finite mosaic of the analyzer crystal (about 0.3 degree). 
To derive the XRMS scattering intensity both resonant and nonresonant magnetic 
scattering contributions must be taken into account.[38] To determine the dipole reso­
nant scattering amplitude, EQ(FU — Fi_i),[39] the energy line shapes were fit with the 
following function: 
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(3.2) 
where E0 is the pole of the resonance, F is the total width of the excited state (about 4 
eV), w is the incident photon frequency, m is the electron mass and Mres and Mnonres 
are the polarization matrices for resonant and nonresonant scattering respectively. [40] 
Both Mres and Mnonres were fixed by the orientation of the magnetic moments with 
respect to the scattering plane and were determined in a measurement of the angle 
dependence of the magnetic scattering (Fig. 3.5). Interference between the resonant 
and nonresonant scattering terms lead to an asymmetry in the energy lineshape as 
demonstrated in Fig. 3.6 and Fig. 3.7 for the L2 and L% edge measurements of each 
sample. After fitting all resonant scattering profiles, the extracted value of EQ(FU — 
Fi_x) at each absorption edge was squared (to represent a resonant scattering integrated 
intensity) and normalized to the value obtained at the Gd L2 edge for each sample so 
that comparisons between samples could be made. 
The importance of the 4/-5cZ exchange is highlighted in Fig. 3.8 where we plot the 
normalized XRMS integrated intensities at the L2 and L3 edges as a function of the 
square of the atomic 5d exchange energy splitting for the rare-earth elements.1 There 
is a striking enhancement of the resonant scattering intensity as the Af-bd exchange 
interaction increases from Tm to Gd, consistent with previous XMCD studies highlight­
ing the importance of the 4f-bd exchange. In particular, for Gd, with seven unpaired 
4/ electrons, the on-site 4f-bd exchange interaction is largest and dominates over other 
1The 4/-5d exchange energy was obtained as the splitting of equally occupied 5d spin-up and 5d 
spin-down states in a scalar-relativistic LSD A atomic calculation. 
Results 
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Figure 3.6 XRMS energy scan through the each rare earth L3 and L2 edges 
for the [Gdi/3Eri/3Tmi/3]Ni2Ge2 sample at the (0 0 6+r2) mag­
netic reflection. The solid lines represent the fits to the data as 
described in the text. 
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interactions. Hence, we expect the L2 and L3 spectra for Gd to be only weakly affected 
by the specific crystalline environment. However, as one proceeds along the heavy rare 
earth series the number of unpaired 4/ electrons decreases, so that for Ho, Er, and Tm 
the 5d spin-orbit coupling and even crystal electric field interactions induce compara­
ble, or greater, effects on the resonant scattering amplitude. Indeed, these rare-earth 
elements may provide useful probes of local environments if various sensitive features in 
the I/2 and L3 spectra can be related to the fundamental interactions. 
If the normalized integrated intensity of the magnetic scattering at the L3 edge is 
divided by the normalized integrated intensity of the magnetic scattering at the L2 
edge, the branching ratio, plotted as solid squares in Fig. 3.9, is obtained. We note here 
that equation (1) does not explicitly include the contribution of quadrupole resonant 
scattering since attempts at fitting the data, with this term included, resulted in high 
correlations between the fitting parameters. [38] Nevertheless, we were able to estimate 
the resonant quadrupole contributions at each edge from atomic calculations[30] and 
found it to be negligible except for the Er L3 (< 10%) and Tm L3 (< 30%) spectra. The 
asymmetry in the error bars for Er and Tm in Fig. 3 reflect the quadrupole contributions 
in addition to the experimental error. 
The trend observed in the branching ratio in Fig. 3.9 is consistent with prior XMCD 
studies. [29] While atomic models have found some success in reproducing this trend 
through the introduction of "breathing" and 4/ orbital polarization, the role of SOC 
in the 5d band, and its affect upon the branching ratio in the rare-earth elements has 
previously been neglected. Here, we include the SOC in first-principles spin-polarized 
band structure calculations. Because the incommensurate ordering of the RNi2Ge2 is 
problematic for band structure techniques, we restricted ourselves to evaluating the 
magnetic ground state for the hep heavy rare-earth elements in the ferromagnetic state 
(for XMCD). In this way we are missing some of the crystal-specific band structure 
effects, however the on-site 4f-5d exchange, the 5d radial function spin dependence, the 
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Figure 3.8 The fit value of the integrated intensity of the resonant magnetic 
scattering, EQ(FU-FI-I)2, at the L2 (open circles) and L3 edges 
(closed circles) for both samples, plotted as a function of the 
square of the 4/-5c? exchange energy. The data are normalized 
to the integrated intensity at the Gd L2 edge of the samples. 
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Figure 3.9 The XRMS branching ratio for the heavy rare-earth elements 
in TZNigGeg compounds. The solid squares represent the ratio 
of intensities from the L2 and L3 edges shown in Fig. 3.8. The 
solid circles show the result of the first principles calculations, as 
described in the text, ignoring SOC in the 5d band. The open 
circles show the results of the same calculations, now including 
the effect of spin-orbit coupling in the 5d band. 
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solid state bonding to antibonding radial dependence and the SOC of the 5d bands are 
all nearly independent of crystal structure. 
The details of the calculations are presented elsewhere, [22] and here we outline the 
main results. The spin-polarized scalar relativistic, self-consistent, full potential LAPW 
method was used for the calculations, employing the LDA+U approach to handle the 
localized 4/ states. To isolate the effects of the SOC, calculations were performed with 
and without SOC, which was added in each iteration by the second variation method.[41] 
Also, to isolate the effect of the SOC to just the conduction bands, the 4/ states were 
constrained (by choosing occupied mi orbitals) to have zero angular momentum. This 
violates Hund's second rule for the 4/ states, but still allows us to ascertain the effect 
of the strong 4/-5cZ exchange on the matrix elements. Actually, for the heavy rare-
earth elements, the results were not affected significantly by relaxing this constraint, 
but since one atomic based model suggested the strong branching ratio variation across 
the rare-earth elements arises from 4/ orbital polarization,[29] we decided to eliminate 
this interaction to demonstrate that the branching ratio is little influenced by the 4/ 
orbital polarization. 
We note that the exchange with 4/ states is much larger for the higher unoccupied 
5d states since their radial functions contract because of the anti-bonding nature of 
the highest energy levels. In Fig. 3.10 we show the resulting dependence of the radial 
dipole matrix elements, which is proportional to the XRMS amplitude or XMCD dichroic 
amplitude, on the band energy. From this figure we see that the more localized states 
(antibonding) near the top of the 5d band (~ 8 eV) have a larger dipole matrix element 
with the 2p states and, hence, contribute more strongly to the XMCD and XRMS 
amplitudes. While this spin dependence difference in the optical matrix elements of 
Fig. 3.10 is approximately accounted for in the atomic models[29] by the "breathing 
parameter," the dramatic change of the matrix elements with energy is not. 
The magnitude of the SOC can be estimated for the 5d states from atomic calcula-
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tions, which show the spin-orbit splitting between 5d3/2 and 5g?5/2 states remains about 
0.3 eV across the heavy rare-earth elements, while the 4/-5d exchange interaction (about 
1 eV spin-splitting at the Fermi level for Gd) scales with the number of unpaired 4/ 
electrons. Thus, for Gd the exchange dominates, but for Er and Tm the spin-orbit in-
teration is comparable or even larger than the exchange splitting. The conduction band 
states were used to calculate the XMCD spectra. The corresponding XRMS spectra was 
obtained from the XMCD spectra. [19] The calculated branching ratios both with (open 
circles) and without (filled circles) the inclusion of SOC in the conduction bands are 
shown in Fig. 3.9. In the absence of SOC, the branching ratio is exactly 1:1,2 and with 
SOC, the branching ratio becomes comparable to the experimental values both in mag­
nitude and trend. The theoretical results have also been normalized to the integrated 
intensity of the Gd L2 edge. 
While we have not dealt with the light rare earth elements in this paper, preliminary 
calculations suggest that the L3 dichroic intensities are strongly influenced by the un­
occupied spin up 4/ states hybridizing with the 5d energy bands. The observed small 
intensities of the light rare earth L3 dichroic spectra might be explainable by calculations 
which include a careful analysis of these effects. 
In summary, through a systematic study of XRMS from the L edges of heavy rare-
earth elements in _RNi2Ge2 combined with first principles calculations, we find that 
the observed branching ratio is primarily affected by the SOC in the 5d band. The 
trend across the heavy rare- earth series arises from the fact that the 4/-5d exchange 
interaction contribution to the resonant amplitudes decreases from Gd to Tm, allowing 
spin-orbit contribution in the 5d band to take on a more important role. 
2 The exact 1:1 ratio is only obtained with the 2p3/2 and 2plz/2 radial functions being exactly the 
same. Using the actual radial functions for these core states results in about a 1 % deviation from the 
1:1 ratio. 
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4 METHODS OF IMAGING ANTIFERROMAGNETIC 
DOMAINS 
In magnetic materials, magnetic moments order in a preferred direction largely due 
to the presence of magnetic anisotropy. For higher symmetry space groups (e.g. tetrago­
nal, hexagonal, cubic), there can be several equivalent directions for the magnetic order. 
The magnetic material, then, is composed of small regions which are distinguished by 
the direction of the magnetic moment alignment or magnetic domains. For ferromag­
netic materials, the magnetic moments align parallel to each other so that each domain 
produces a net magnetization large enough to be detected. Therefore, there are many 
methods of imaging ferromagnetic domains either directly or indirectly. Indirect tech­
niques such as the Bitter method involve decorating the domain walls and imaging the 
decoration media. Direct methods however image the domain structure by the direct 
interaction of light, electrons or, more recently, a magnetic probe with the magnetic 
fields of the sample (Kerr Effect, Faraday Effect, Magnetic Force Microscopy and so on). 
Antiferromagnetic domains are not easy to detect because the net magnetization is 
zero for each domain. Neutron scattering has been the only technique to directly distin­
guish the antiferromagnetic domains. X-ray topography has been used to image antifer­
romagnetic domains through its sensitivity to the magneto-elastic effects that accompany 
magnetic ordering. Without direct means of imaging antiferromagnetic domains, how­
ever, the mechanism and dynamics of the nucleation and growth of antiferromagnetic 
domains remain elusive. Recently, new techniques in antiferromagnetic domain imaging 
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have been developed using high brilliance x-ray beams at third generation synchrotron 
sources. 
Nonresonant X-ray Magnetic Scattering with a focused beam 
P. G. Evans et. al have recently imaged the antiferromagnetic domain structure in 
chromium with nonresonant x-ray magnetic scattering and a micro-focused beam at the 
Advanced Photon Source. [4] The corresponding charge density wave reflection image 
confirmed the antiferromagnetic domain image (Fig. 4.1 A, B). 
Chromium crystalizes in a body centered cubic structure and below the Néel temper­
ature it orders antiferromagnetically with modulation vector along [1 0 0] or [0 1 0] or 
[0 0 1]. When the crystal is aligned to observe the magnetic reflection along (0 0 L), the 
magnetic intensity can be measured only for magnetic domains where the modulation 
direction is along [0 0 1], while other domains do not contribute to the reflection. In 
Fig. 4.1 the blue area indicates high intensity so that the blue areas are the magnetic 
domain with modulation vectors along the [0 0 L] direction. In contrast, the yellow 
areas correspond to magnetic domains with modulation vectors either along [1 0 0] or 
[0 10]. Since the nonresonant x-ray scattering is primarily sensitive to the magnetic mo­
ment component perpendicular to scattering plane, a change in the domain images was 
observed at the spin flip transition from a transverse to longitudinal spin polarization. 
The maximum count rate of the magnetic reflection was only about 10 count/sec with 
highly focused beam. Therefore, managing the charge scattering background becomes 
an important issue. 
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Figure 4.1 Magnetic domains in Cr at T = 130 K. Maps of the intensity 
of the (A) Spin density wave (SDW) reflection at (0 0 1-r) and 
(B) Charge density wave (CDW) reflection at (0 0 2-2r) in a 
region 500 fim by 500 yum are shown. These images have been 
resampled on a grid with four times the point density of the 
original scan and smoothed with a threepixel-square moving av­
erage. The intensity scale for these images ranges from yellow 
(lowest count rate) to blue (highest count rate). The satura­
tion level and threshold for the domain outlines are chosen to 
emphasize the domain contrast and are scaled between the two 
images by the ratio of the mean count rate. (C) Reciprocal space 
scans along (0 0 1) at the positions indicated on the SDW map. 
The solid line is a Gaussian fit to the scan at position 1. (D) 
Images of a single SDW domain at temperatures near spin flip 
transition Tgp. This domain also appears at a different scale in 
(A), where it is marked with an asterisk. The transition from 
transverse to longitudinal spin polarization at TSF results in the 
disappearance of magnetic scattering from the SDW domain. [4] 
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Photoelectron Emission Microscope (PEEM) with contrast gen­
erated by the large X-ray Magnetic Linear Dichroism XMLD) 
Antiferromagnetic domains in ultrathin NiO film have been observed with x-ray 
magnetic linear dichroism (XMLD) spectromicroscopy using a soft x-ray beam line with 
a high spatial resolution (150 nm) photoelectron emission microscope (PEEM).[42] J. 
Stôhr et. al improved this technique and obtained a clear image of antiferromagnetic 
domain structure in in a thin film, NiO(lOO), grown epitaxially on Mg0(100).[43] This 
method is based on the XMLD, where the polarization dependence of the resonant 
intensity is given by 
1(a) = a + 6(3 cos2 a — 1) < M >2 (4.1) 
where the first term is a constant and the second XMLD term depends upon the x-ray 
polarization through the angle, a, between Ê and the magnetic axis fx. 
In particular, the Ni L2 edge exhibits two multiplet peaks, of which the lower energy 
peak is larger for Ê J_ /2 and the higher energy peak B is larger for Ê |[ /L The L2 
multiplet peak intensity ratio can therefore be used for spectroscopic contrast when 
imaging the antiferromagnetic domain structure. 
The antiferromagnetic domain image can be directly observed by combining XMLD 
spectroscopy with PEEM microscopy; that is, by dividing a PEEM image acquired at 
the higher energy peak by the one obtained at the lower energy peak. Fig. 4.2 shows 
the antiferromagnetic domain images of the thin 40 nm LaFeOs film deposited on an 
asymmetric SrTiOs(lOO). It clearly highlights the magnetic domains when the photon 
polarization, Ê, is either parallel or perpendicular to the magnetic moment direction 
fx, and there is no contrast when the angle between Ê and fx in both domains is 45°. 
This method, however, can only discriminate between domains with different moment 
directions, not the magnetic modulation directions. 
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Figure 4.2 XMLD image of LaFe03 film obtained by division of images 
taken at photon energies 723.2 eV (higher energy peak) and 
721.5 eV (lower energy peak) for the bicrystal sample. Arrows 
indicate the orientation of the crystallographic c axes. Photon 
polarization Ê is horizontal. The bottom left inset illustrates 
the relation between magnetic and crystallographic structure; 
the bottom right inset shows a plan-view TEM image of the 
bicrystal with image contrast arising from regions with orthog­
onal c axes.[5] 
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Imaging Antiferromagnetic Domain Structure with X-ray Mag­
netic Resonant Scattering in GdNi2Ge2 
[to be submitted to Applied Physics Letters] 
GdNiq Ge2 orders antiferromagnetically below the Néel temperature 27.5 K. Using X-
ray resonant magnetic scattering (XRMS), a second transition at 16 K was identified as 
a transformation from a collinear squared-up structure, at high temperature, to a helical 
structure below 16 K. By reducing the illuminated area to 100x100 fim2, images of the 
antiferromagnetic domains present for both magnetic structures were investigated for 
different azimuth angles and temperatures. 
Until quite recently, investigations of domain structures in antiferromagnetic (AFM) 
materials was limited to either directly imaging the magnetic domains by neutron topog­
raphy techniques, [44] or indirectly imaging the magnetic domains through their atten­
dant magnetoelastic distortions using x-ray topography. [45] With the availability of high 
brilliance x-ray beams at third generation sources, such as the Advanced Photon Source 
(APS) and Advanced Light Source (ALS), new techniques in AFM domain imaging have 
rapidly advanced. For example, AFM domain images, on the micron scale, from Cr have 
been obtained by using nonresonant x-ray magnetic diffraction with focused undulator 
radiation. [4] Circularly polarized x-rays have been used to image chiral domains in rare-
earth metals on the scale of tens of microns.[46] AFM domains in epitaxial thin films 
have been studied by using high-spatial-resolution (tens of nm) photoelectron emission 
microscopy (PEEM) with contrast generated by the large x-ray magnetic linear dichro­
ism effect at the multiplet-split L edges of transition metals. [5, 47] Here, we describe 
the imaging of antiferromagnetic domains by resonant magnetic diffraction using lin­
early polarized x-rays at the L2-edge of Gd in GdNi2Ge2, allowing us to elucidate the 
details of a magnetic transition from a collinear AFM structure for 16 K < T < 27.5 K to 
a helical structure for T < 16 K. 
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X-ray resonant magnetic imaging (XRMI) offers features complementary to both 
PEEM and nonresonant magnetic scattering. While nonresonant magnetic scattering 
probes the average magnetic structure associated with all magnetic species, resonant 
scattering, like PEEM, is element specific since x-ray absorption edges are well resolved 
in energy. In contrast to PEEM, but similar to nonresonant magnetic diffraction imaging, 
the image is formed by monitoring the diffracted beam intensity as the incident beam 
is scanned across the sample. This means that XRMI is not only element specific, 
but sensitive to the modulation wavevector of the structure and the magnetic moment 
direction through the resonant scattering cross-section. [40] XRMI, therefore, may be 
used to discriminate between antiferromagnetic domains that differ in their modulation 
or moment direction or composition. 
GdNi2Ge2 orders antiferromagnetically below the Néel temperature of approximately 
TN — 27.5 K.[8] Specific heat measurements have indicated an additional phase transi­
tions below approximately 17 K, however detailed information concerning the change in 
the magnetic structure at this transition were unknown. N. P. Duong et al. concluded, 
from heat capacity measurements, that this is a transition from an amplitude modulated 
AFM structure to an equal moment AFM structure. [48] In previous XRMS investiga­
tions it was determined that the magnetic modulation vector (0 0 r), over the entire 
temperature range below % is incommensurate with r = 0.808 (at T = 8 K), and the Gd 
magnetic moments are confined to the basal plane. [9] No signatures of the additional 
phase transitions was found, so that no conclusion concerning changes in the magnetic 
structure with temperature could be made in this measurements. In this paper we elu­
cidate the magnetic structure in GdNi2Ge2 with the focus on this lower temperature 
transitions by imaging the AFM domain structure using XRMS. 
The x-ray resonant magnetic scattering (XRMS) experiments were performed on 
the 6ID-B Beamline, in the MUG AT Sector at the Advanced Photon Source (APS) 
at Argonne National Laboratory. A double-crystal Si(l 1 1) monochromator was used 
50 
to select the incident photon energy. A bent mirror was used to focus the beam, and 
suppress the higher-order harmonics. The resonant scattering measurement was car­
ried out with the incident radiation linearly polarized perpendicular to the scattering 
plane (u-polarization). The cross-sectional area of the beam was defined with the me­
chanical slits and varied from 200x1000 /xm2 for the initial XRMS measurements to 
25x50 /j,m2 for the XRMI measurements. The energy was tuned to just above the Gd 
L2 absorption edge (E = 7.934 keV) to maximize the resonant dipole (SI) scattering. 
Pyrolytic graphite (PG) was used as an analyzer for polarization and energy analysis 
of the scattered photons. The analyzer was set to the PG (0 0 6) reflection for a to 
7T geometry in the XRMS measurements, while The PG (0 0 2) reflection was used to 
measure the smaller intensity of scattered photons (for the small beam size) used in the 
XRMI experiment. 
The sample (mosaic of 0.01° FWHM) was mounted on a copper holder in a closed-
cycle He displex refrigerator with the surface normal parallel to the crystalline c-axis 
and the axis of the cold-finger displex. This configuration allows the sample to be be 
rotated around scattering vector Q (parallel to the c-axis) while Q constant. In such 
an azimuth (t/>) mode, either the a-c (defined as = 0°) or b-c (defined as —90°) planes 
can be brought into coincidence with the scattering plane through a rotation of I/J. Since 
the resonant dipole El scattering is sensitive only to the component of the magnetic 
moment within the scattering plane, with a cross section / oc k' • n' (k' and // are the 
wave vector of the scattered photons and the magnetic moment, respectively), all three 
cartesian components of the moment may be probed in this mode without remounting 
the sample. [37] 
The principlal result of the initial XRMS measurements in summarized in Figure 4.3 
where we show scans along the (0 0 L) direction from L = 4.9 to 7.1 in the <r to TT 
polarization configuration. Below TN, but above a second transition at Tt—16 K, first 
and third harmonic magnetic satellites and were observed at (0 0 6±r), (0 0 4+3r), 
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7.1 at 17 K (a) and 8 K (b) with analyzer PG (0 0 6) reflection. 
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and (0 0 8-3r) with t=~0.795. The presence of the higher order harmonic is consistent 
with a collinear antiferromagnetic structure that is "squaring up." Below Tt=16 K, 
however, the third harmonic satellites abruptly disappear, indicating that the magnetic 
moment configuration has transformed to an equal moment helical structure. The helical 
structure is consistent with the equal moment structure at low temperature as the order 
parameter saturates in case of that the absence of CEF effects for Gd (L=0) leads to 
small magnetic anisotropy.[49] 
For the geometry used in this XRMS experiment, the moment direction can, in 
principle, be determined by measuring the azimuth dependence of the magnetic peak 
intensity. In the case of the higher temperature collinear structure, for example, if the 
magnetic moments are constrained to the basal plane of the tetragonal unit cell along, 
say, the a-axis, the magnetic scattering will be a maximum for ip=0° and a minimum 
for ^=90°. Typically, however, this azimuth dependence is obscured by the existence of 
microscopic equally populated domains for high symmetry structures, corresponding to 
regions where the moment is along a or equivalently along b. One would then expect to 
observe no azimuth dependence in the magnetic scattering. Indeed, the determination 
of magnetic moment directions in typical experiments implicitly assumes the presence of 
equally populated domains. For a helical structure with moments confined to the basal 
plane, no azimuth dependence of the magnetic scattering should be observed using lin­
early polarized x-rays, but chiral domains can be investigated using circularly polarized 
radiation. [46] 
It is indeed surprising, then, that the magnetic scattering in Figure 4.4 shows a 
strong dependence on azimuth angle at 18 K, in the proposed high temperature collinear 
antiferromagnetic phase. We also found that there is a weak azimuth dependence of 
the magnetic scattering in the proposed helical phase (below Tt). These observations 
have two implications. First, the strong azimuth dependence of the scattering in the 
high temperature phase clearly points to either the existence of macroscopic sized AFM 
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domains (on the order of the lxl mm2 illuminated area) or a significantly unbalanced 
population of domains (or both). Second, the existence of a modulation in the azimuth 
dependence of the scattering in the low temperature helical phase implies that the Gd 
magnetic moment is tilted out of the basal plane of the tetragonal structure. 
In order to study the magnetic structure of a single domain from the sample, we 
selected a high angle magnetic reflection, (0 0 6+T), and reduced the incident beam size 
to 50x100 yum2. The illuminated area of the sample surface for this reflection angle and 
beam size was then 100x100 /zm2. To compensate for the correspondingly lower incident 
beam intensity, the PG (0 0 2) reflection was used to analyze the diffracted beam. The 
magnetic scattering from a single magnetic domain is shown in Figure 4.5. The azimuth 
dependence of the scattering in the high temperature phase unambiguously shows that 
the magnetic structure is described by a collinear moment arrangement, while the low 
temperature magnetic structure is helical. The azimuth dependence of the magnetic 
intensities can be fit using a single domain magnetic structure model where the azimuth 
dependence of the magnetic intensity can be expressed as: 
I oc | (cos ?/> cos a cos 9 — sin a sin 9) + % cos cos 912 (4.2) 
for the tilted helical structure and 
I oc |cos ip cos a cos 9 — sin a sin 0|2 (4.3) 
for the collinear structure. Here, ^ is the azimuth angle, 9 is the Bragg angle for the 
reflection, and a is the angle between the tetragonal ab plane and the plane in which the 
magnetic moments lie. The fits yield the same tilting angle of 10±2° for both magnetic 
structures. 
From the data in Fig. 4.5 we also see that the AFM domain size in GdNigGeg is in 
excess of 25x50/zm2, allowing us to attempt to map the distribution of domains and 
their temperature dependence. Using the same geometry as for the XRMS experiment 
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Figure 4.5 Azimuth dependence of the magnetic satellite peak (0 0 6+r) 
intensity at 15 K (upper) and 18 K (lower). The solid line results 
from the one magnetic domain model described in the text. 
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Scattered X-ray 
Beam Size Sample 
Incoming X-ray 
Figure 4.6 The experimental arrangement used for both the XRMS and 
XRMI measurements showing the case for the magnetic moment 
in the scattering plane. For the images produced in Fig. 4.7, the 
sample was moved across the beam in 0.05 mm steps. 
(Fig. 4.6), the XRMI measurements were accomplished by scanning the sample across 
the incident beam in 0.05 mm steps over a range of ± 1 mm. At each step, the intensity 
was measured in a a rocking (0) scan of 0.1° for 4 seconds. The maximum intensity 
measured for the magnetic reflection was approximately 1000 count/sec. The resulting 
AFM domain map of the sample is shown in Figure 5. For the low temperature helical 
phase (Fig. 4.7 (b)), a nearly uniform image across the sample is observed, consistent 
with the absence of a strong azimuth dependence of the scattering in Fig. 4.5. Above 
Tt = 16 K, in the collinear structure, the strong contrast in the magnetic scattering 
between neighboring regions of the sample arises from domains that have their magnetic 
moments either within or perpendicular to the scattering plane at a given azimuth. 
Figure 5 (c) and (d) show the XRMI image for azimuth angles of 0° and -90° at a 
temperature of 17 K. The bright areas represent the domains in which magnetic moments 
are in the scattering plane while the dark areas are domains in which the magnetic 
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Figure 4.7 XRMI images at different temperatures and azimuth angles. 
Each image is normalized by charge reflection intensity, (a) The 
sample image from a microscope, (b) The image at 10 K for 
azimuth angle 0°. (c) The image at 17 K for azimuth angle 0°. 
(d) The image at 17 K for azimuth angle -90°. (e) The image at 
17 K for azimuth angle -45°. (f) The image at 17 K for azimuth 
angle -135°. (g) Azimuth dependence of spots shown in panel 
(c) with lines according to Equation (2) in the text. 
58 
moments are nearly perpendicular to the scattering plane. The bright areas in the 
figure 4.7 (c) are dark in (d), and vice versa because the scattering plane in figure 4.7 (c) is 
the ac plane (azimuth 0°) and while for (d) the scattering plane is the be plane (azimuth 
-90°). Finally, we note the existence of domains with moment directions positioned 
along the basal plane diagonal [1 1 0](Fig. 4.7 (e) and (f)). While these domains could 
have been detected through a detailed analysis of the scattering data, they are readily 
identified in the images in Fig. 4.7. 
Summarizing these measurements, using XRMS we have identified a second magnetic 
transition at Tt = 16 K in GdNi2Ge2 and found that it corresponds to a transformation 
from a collinear squared-up structure at higher temperature to a helical structure in 
GdNi2Ge2 at lower temperatures. Single domain magnetic scattering using a small x-
ray beam size (50x100 /mi2) unambiguously identified these phases and allowed us to 
determine that the Gd moments are tilted approximately 10° out of the basal plane. 
Further, the AFM domain structure was imaged by using the contrast provided by the 
angular dependence of the resonant magnetic scattering cross-section allowing us to 
identify a new [1 1 0] domain in addition to those with magnetic moments along the a 
and b tetragonal axes. 
X-ray resonance magnetic imaging provides an important new tool for investigations 
of domains in antiferromagnets complementary to emerging techniques such as PEEM 
and nonresonant scattering. Contrast between different AFM domains can arise from 
differences in moment orientation, slight differences in the modulation wave vector as 
well as elemental selectivity. XRMI, then, can be applied to multicomponent magnetic 
systems, such as intermetallic rare earth/transition metal compounds where both species 
may carry a moment (e.g. GdMn2) in addition to rare earth intermetallc compounds 
where proposed multiple-q structures have been reported (e.g. HoNi2B2C). We also note 
that while the AFM domain size in GdNi2Ge2 were large enough for a sizeable incident 
beam, even micron-sized domains are accessible to investigations using focused beam 
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optics at third generation sources. [4] 
XRMS Topography 
In addition to the method of scanning using a small beam across the sample, wide-
beam topography, using a CCD camera, offers some advantages for topographic measure­
ment. X-ray topography has been used as a nondestructive characterization technique 
for imaging micrometer-sized to centimeter-sized defects microstructure of crystals. As 
long as the scattering intensity is high enough, the topographic image can be obtained 
in short time. Hence, some possible problems in the scanning method, such as the effect 
of time delay for each pixel or the temperature gradient by beam heating can be solved 
in this method because the x-ray beam illuminates the entire sample area of interest at 
the same time. 
The XRMS topography experiments were performed on the 6ID-B beamline at the 
Advanced Photon Source at Argonne National Laboratory. The incident photon energy 
was selected by double-crystal Si (1 1 1) monochromator. A bent mirror was not used 
in order to achieve a large and homogeneous x-ray beam. Therefore, the higher-order 
harmonics could not be suppressed. The beam size obtained without the bent mirror 
was about 0.6x2 mm2, not large enough to illuminate entire surface of the sample. The 
sample was mounted on a copper holder in a closed-cycle He displex refrigerator with 
the surface normal parallel to the crystalline c-axis and the axis of the cold-finger of the 
displex. After alignment of the sample by a single detector, a CCD camera was mounted 
as close as possible to the sample (about 15 cm from the sample) to reduce the effects 
of air scattering and blurring by the divergence of the scattered beam. The pixel size of 
the CCD is 22.5 x 22.5/mi2. 
Figure 4.8 shows a topographic image from the CCD camera of the (0 0 6) Bragg 
reflection. The third harmonic E = 23.802 keV was dominant for this imaging because 
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Figure 4.8 The sample image of (a) normal light microscope and (b) x-ray 
topography with (0 0 6) Bragg charge reflection. The white lines 
are guide lines for the same sample area. 
Beam direction 
Figure 4.9 Antiferromagnetic images by (a) the scanning method with a 
small beam size and (b) topography method with CCD camera 
at 17 K and (c) normal microscope image. The CCD image 
was elongated vertically and flipped horizontally to match the 
normal microscope image. 
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the mirror was not used. The lower divergence of third harmonic radiation results in a 
clear and sharp topographic image. For example, the scratch or groove on the sample 
surface can be seen in the image. 
Figure 4.9 (a) shows the antiferromagnetic domain image obtained by scanning 
by a small incident x-ray beam across the sample at the Bragg angle for the (0 0 
6+r) magnetic reflection at 17 K. The illuminated area on the sample surface is about 
0.05x0.05 mm2. The XRMS topographic image, using the CCD camera, was obtained 
under the same conditions (See Fig. 4.9 (b)). While the topographic image was taken, 
the sample was rocked back and forth by 0.1 degree. Both images show the same fea­
tures although the CCD topographic image is reversed left to right and shrunk vertically 
due to the angle between the sample surface and scattered beam. With the scanning 
method, the each pixel can be analyzed quantitatively. On the other hand, the topog­
raphy method provides a faster route to obtaining images but the intensity cannot be 
analyzed quantitatively. 
The temperature dependence of the XRMS image, with fine temperature steps, is 
shown in Fig. 4.10. Each image was take for 120 seconds while rocking the sample 
0.1 degree. The transition temperature was observed about 2 K lower than XRMS 
measurement because the incoming x-ray the beam heated up the sample. According 
to these images, the second transition occurs within 0.5 K. Therefore, more stable and 
accurate temperature control is needed to observe the change of the magnetic domain 
structure by this method. 
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Figure 4.10 The XRMS topography image at several temperatures. 
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5 MAGNETOCRYSTALLINE ANISOTROPY 
The magnetic anisotropy energy of a system is associated with the direction of the 
net or sublattice magnetization. In general, the magnetic anisotropy is related to the 
crystal symmetry of a material and this is known as magnetocrystalline anisotropy. 
Anisotropy can also be related to the mechanical stress of the system, and this is known 
as magnetostrictive anisotropy. 
The magnetocrystalline anisotropy arises from the interaction between the crystalline 
electric field (CEF) and the orbital state of a magnetic ion. For 3d transition metals, the 
strong interaction of 3d orbital and the CEF causes quenching of the orbital moment. 
In case of the very strong interactions, even the first Hund's rule can be invalidated.[50] 
Hence the 3d orbital strongly coupled to the lattice, but the orbital moment is zero. 
This interaction is transferred to the spin moments via the spin-orbit coupling, giving 
a weaker electron coupling of the spins to the crystal lattice. For example, the CEF 
energies of hep cobalt are about 60 //eV/atom and for cubic iron and nickel, it is factor 
of 50 smaller. [51] 
For rare earth elements, the magnetic 4/ shell lies below the 5s and hp shell which 
screen the 4/ shell from the CEF. Therefore, J is a good quantum number for the 
4/ shell with the CEF because the spin-orbit coupling is rather strong. The CEF in 
tetragonal point symmetry can be expressed as: 
^ 4- 4- (51) 
where the J3™ are the CEF parameters determining the degree of the splitting. The 
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Stevens' operator are given by[52] 
0° = 3JZ2-J(J+1) 
Ol = 35JZ4 - (30J(J + 1) - 25) Jf + 3J2(J + l)2 - 6J(J + 1) 
oj = + 
Og = 231^-(315J(J + l)-735)^ 
+(105J^(J + 1)^ - 525J( J + 1) + 294)^ 
-5J3(J + l)3 + 40J2(J + I)2 - 60 J  { J  +  1) 
Ot = - J(J + 1) - 38)(J+ + Jt )  
+(«/+ + Jl)(llJ2 — J(J + 1) — 38)]. 
Typical anisotropy energies of rare earth metals are of the order of meV/atom. 
However, the 4/ orbital configuration of Eu2+ and Gd3+ is ^Sy/g, so that the CEF does 
not have an effect on the 4/ shell. It generally believed that the dipole interaction drives 
the anisotropy of Eu and Gd ions. [53] Nevertheless, magnetocrystalline anisotropics 
stronger than the dipole interaction have been observed in the Eu and Gd compounds.[54, 
55]. One possible explanation of this is the magnetic anisotropy of the conduction band 
electrons. [56] In the rare earth compound, the 5d states are more than 10 eV broad and 
would not by themselves be magnetic. They are, however, polarized through RKKY 
interactions with the 4/ states. The spin-orbit coupling of the conduction electrons 
mediate the magnetic anisotropy in the conduction band with the 4/ moments. 
Origin of the magnetic anisotropy in GdNi2Ge2 
[to be submitted to Physical Review Letters] 
GdNi-2 Ge2 undergoes a transformation from a collinear AFM structure for 16 K< T< 27.5 K 
to a spiral structure for T <16K. From x-ray resonant magnetic scattering (XRMS) 
65 
measurements we estimate the magnetic anisotropy energy to be % 200-300 fxeV/(Gd 
ion), significantly larger than that associated with the dipole-dipole interaction, and likely 
arises from anisotropy in the hd-band. 
The interplay of long-range exchange interactions and anisotropy has been at the 
focal point of research in rare-earth magnetism for decades. For most of the rare-
earth elements, with contributions from orbital moments, the single-ion anisotropy due 
to crystal electric field (CEF) effects dominate the anisotropy of the magnetic ground 
state. Theoretical approaches incorporating these two effects have been quite successful 
in elucidating magnetically ordered states, such as commensurate and incommensurate 
equal moment (EM) and amplitude-modulated (AM) collinear structures of numerous 
rare-earth intermetaUic compounds. However, the anisotropy due solely to anisotropic 
exchange interactions, which has its origin in the underlying electronic bands, are difficult 
to study when competing CEF effects are present. Gadolinium (Gd) compounds are ideal 
for studying these unusual magnetic ground states since for this rare-earth ion, L=0, and 
CEF effects are absent. 
Rotter et al. [53] have discussed the magnetic anisotropy of several intermetaUic Gd 
compounds with an emphasis on the influence of dipole interactions. However, the 
dipole-dipole interaction energy is quite weak (on the order of 10 /ieV/atom) and does 
not, for instance, adequately account for the magnetic anisotropy in Gd metal. The 
anisotropy energy in ferromagnetic Gd was determined to be 35.4 yneV/(Gd ion) by 
magnetic torque measurements, [55] while the dipole-dipole interaction accounts for only 
7.5 //eV/(Gd ion). Recent theoretical work by Colarieti-Tosti et oZ[56] also considered 
the effect of magnetic anisotropy in the conduction band which is transferred to the Gd 
4/ magnetic moments through the 4f-5d exchange interaction. These spin-dependent 
band structure calculations yielded a value of 16 yueV/ (Gd ion) for this contribution to 
the anisotropy energy. [56] 
Unfortunately, the magnetic anisotropy energy of antiferromagnets is not accessible 
66 
through magnetic torque measurements and must instead be estimated from microscopic 
magnetic structure measurements. All of the known Gd(TM)2X2 (TM—transition-metal 
element, X= Ge or Si) order antiferromagnetically. [57, 58] Few of the magnetic structures 
are known in detail, however, since neutron diffraction measurements are hampered by 
the large absorption cross-section for naturally occurring Gd. X-ray Resonant Magnetic 
Scattering (XRMS) provides an alternative to neutron measurements in these cases.[40, 
59] Here we describe XRMS measurements at the Gd L2 absorption edge of GdNi2Ge2 
that demonstrate that this compound transforms from a collinear AFM structure for 
16K<T<27.5K to a canted spiral structure for T < 16K. The magnetic moments 
for both structure lies in a plane tilted approximately 10° from the basal plane of the 
tetragonal structure. From an analysis of this magnetic transition we estimate the 
magnetic anisotropy energy to be « 200-300 /zev/(Gd ion), significantly larger than the 
magnetic anisotropy energy associated with the dipole interaction. 
The i?Ni2Ge2 (R = rare-earth element) compounds crystallize in the ThCr2Si2 body 
centered tetragonal structure (space group I4/mmm).[8] Nickel is non-magnetic and the 
magnetic ordering of the R ion is determined by the indirect Ruderman-Kittel-Kasuya-
Yosida (RKKY) exchange interaction, mediated by the conduction electrons. Several 
compounds in the i?Ni2Ge2 family exhibit a second transition below the Néel tempera­
ture (TN). In TbNi2Ge2 and DyNi2Ge2, for example, the magnetic structure is incom­
mensurate below TN but above a second transition at Tt, where there is a transition to 
a commensurate antiferromagnetic structure.[60, 10] This lower temperature transition 
has been attributed to the conflict between the indirect exchange interaction, which 
tends to favor long-range oscillatory structures, and the magnetic anisotropy introduced 
by CEF effects, which drives collinear antiferromagnetic structures. Interestingly, a sec­
ond transition has also been observed in GdNi2Ge2 although the CEF effects are absent 
for L=0. Similar behavior was also reported for the isostructural compounds GdRu2Ge2, 
GdRu2Si2, and GdRh2Si2.[61, 62] 
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The XRMS experiments were performed on the 6ID-B beamline at the Advanced 
Photon Source at Argonne National Laboratory. The incident photon energy was se­
lected by double-crystal Si (1 1 1) monochromator. A bent mirror was used to focus the 
beam, and suppress the higher-order harmonics. The sample was mounted on a copper 
holder in a closed-cycle He displex refrigerator with the surface normal parallel to the 
crystalline c-axis and the axis of the cold-finger of the displex. This configuration allows 
the sample to be be rotated around scattering vector Q (parallel to the c-axis) while Q is 
constant. In such an azimuth (-0) mode, either the a-c (defined as •0= 0°) or b-c (defined 
as •0=90°) planes can be brought into coincidence with the scattering plane through a 
rotation of ip. Since the resonant dipole El scattering is sensitive only to the component 
of the magnetic moment within the scattering plane, with a cross section f2 oc [k' • p\2 
(where k' and /Z are the wave vector of the scattered photons and the direction of the 
magnetic moment, respectively), the orientation of the magnetic moment within the ab 
basal plane may be studied for single antiferromagnetic domains. [63, 64] 
The resonant scattering measurement was carried out with the incident radiation 
linearly polarized perpendicular to the scattering plane («^-polarization). The energy 
was tuned to the maximum scattered intensity at the dipolar El transition, which 
occurs just above the Gd L2 edge at E = 7.934 keV. Pyrolytic graphite (PG) was used 
for polarization analysis of the scattered photons. The PG (0 0 6) reflection was used 
to select scattered photons polarized parallel to the scattering plane (^-polarization), 
suppressing the cr-polarized charge scattering. To measure u-polarized charge scattering 
the PG (0 0 2) reflection was used since it allows both a and 7r polarized scattered 
radiation to pass and be detected. 
The main results of these measurements are displayed in Figure 5.1. Figure 5.1(a) 
plots the temperature dependence of the integrated intensity of the (0 0 6-r) magnetic 
satellite. The solid line represents a power law fit to the data given by I = A(1 — 
T/TN)2/3, where j3 = 0.409 ± 0.005. The only signature of the magnetic transition in 
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Figure 5.1 Temperature dependence of the magnetic and charge peaks. 
The dashed line depicts the second transition temperature Tt; 
(a) Integrated intensity of the (0 0 6-r) magnetic peak; (b) Inte­
grated intensity of the charge peak at (0 0 4+2r) ; (c) Integrated 
intensity of the magnetic third harmonic (0 0 8-3T) peak; (d) 
The magnetic modulation wave vector obtained from (0 0 6±r) 
magnetic reflections, (e) The c lattice parameter calculated from 
the (0 0 6) charge reflection. The solid lines in panels (a)-(c) are 
fits using a power law with /3 = 0.41 as described in the text. 
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panel (a) is a small kink in the order parameter at Tt. However, different amounts of 
the discontinuity were observed for azimuth angles, 0 and 90°, with (0 0 2+r) magnetic 
reflection (See Fig. 5.2). This indicates that the details of the antiferromagnetic domain 
structure need to be considered to interpret the intensity of the magnetic reflection. 
The second transition at Tt is shown distinctly in the temperature dependence of the 
third harmonic satellite (Fig. 5.1(c)) which abruptly disappears below Tt, indicating a 
transformation from a collinear structure that is "squaring-up" for Tt < T < XN to an 
equal moment spiral structure below TT. Above Tt, the temperature dependence of the 
integrated intensity of the third harmonic is well described by a power law with a critical 
exponent close to 6/3. In addition to the magnetic satellites at r and 3r, Figure 5.1(b) 
shows the temperature dependence of a charge satellite located at (0 0 4+2r), observed 
using the a to (CT+TT) scattering geometry. The charge-density wave (CDW) arises 
from the oscillatory strain along the c-axis driven by the evolving magnetic order. The 
relationship between the CDW and the magnetic order is confirmed by the power-law 
fit in Figure 5.1(b) which yields an exponent of 4/3. Throughout the temperature range 
investigated, the wavevector remains incommensurate (Fig. 5.1(d)) and does not lock-in 
to any commensurate value. Finally, in Fig. 5.1(e) we show that a small magnetoelastic 
distortion along the c-axis occurs upon the transition from the collinear structure above 
TT, to the equal moment spiral structure below. 
Having established the nature of the high and low temperature magnetic structures, 
the magnetic anisotropy energy (MAE) in the basal plane can estimated from the en­
ergy difference between the collinear and the spiral structure at Tt. This difference 
corresponds to the latent heat, Q, of the transition which, at TT, can be expressed as, 
Q = AJ/rKKY + -ffanisotropy ^strain (5-2) 
Here, AHK K KY is the difference between the magnetic exchange energies of the 
collinear and the spiral structure, iJanisotropy is the MAE and HSTT&IN is included to account 
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Figure 5.2 Temperature dependences of the magnetic reflection (0 0 2+r) 
for azimuth angle 0 and 90°. 
for the energy associated with the c-axis strain wave in the high temperature collinear 
structure. AHRKKY can be expressed in terms of the spin-spin correlation function in 
momentum space: 
AHRKKY = HR.KK Y (collinear) — -^RKK Y (spiral) 
- -^(T-)(SÎ(T)-SC(T)) (5.3) 
+ ^J(T)(Ssf(T)-Ss(T)) 
where J(R) is the exchange integral for momentum R, and SC(t) and SH(R) are the spin 
moments for the collinear and the spiral structures in momentum space, respectively. 
The latent heat of the second transition at TT  was calculated from the heat capacity 
measurements to be ~100 yLteV.[8] An estimate of Strain can be made using a simple 
harmonic potential model. The amplitude of the c-axis strain oscillation was calculated 
from the ratio of the amplitudes of the (0 0 4+2r) CDW and (0 0 6) charge reflection, 
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and the spring constant was estimated from the heat capacity data [8] using the Debye 
model, i^strain is estimated to be ~10-20 /zeV 
In order to roughly estimate the difference in the exchange interaction energy between 
the collinear and spiral magnetic structures, XRMS intensities from a single domain were 
measured at 15 K and 18K using a small incident beam (50x100/xm2).[64] The azimuth 
dependence of the XRMS intensity is shown in Fig. 4.5 and, were fit to extract the 
resonant scattering amplitudes, A and B for the two magnetic structures: 
I = |A|2 | (cos -0 cos a cos 9 — sin a sin 9) + isinip cos9\2 (5.4) 
for a tilted spiral structure and 
I = \B\2 |cos -0 cos a cos 9 — sin a sin 0|2 (5.5) 
for the tilted collinear structure (with moments close to the a-axis). Here, ip is the 
azimuth angle, 9 is the scattering angle for the reflection, and a is the angle (10±2°) 
between the a-axis and the plane in which the magnetic moments lie. [64] 
It is important to note here that the relationship between the resonant scattering 
intensity and the ordered 4/ moment is indirect since resonant scattering at the rare 
earth L edges arises from electric dipole transitions from the 2p core level to the M 
conduction band that is spin-polarized through the exchange interaction with the 4/ 
band. In the case of Gd, however, the resonant scattering intensity is largely determined 
by the exchange interaction between the 4/ and 5d electrons and other interactions, such 
as band-effects, are negligible. [65] Therefore, we take the resonant scattering signal (at 
15K and 18K) to be proportional to square of the spin moments at those temperatures. 
To estimate the values of ^Sj(R) • SC(R)^ and ^Sj(r) • SS(R)^ at Tt, the power law 
temperature dependence of the first harmonic satellite was used to extrapolate the square 
of the spin moments (determined above) for both magnetic phases. For the spiral phase, 
the spin moment value at 0 K was normalized to the full Gd 4/ moment, setting the scale 
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for both ^Sj(r) • Sc(r)^ and ^S|(r) • Ss(r)^. We also note that the ratio of these values, 
^Sj(r) • Sc(r)^/^S|(r) • Ss(r)^ was 1.6, close to the value (4/TT)2, expected for the ratio 
of first harmonic intensities of a fully-squared collinear structure to an equal moment 
spiral structure. Finally, J(r) was calculated from J(r) = 3kBT^/(S(S + 1)), using 
S=7/2 for Gd.[66] The estimated value of AHKKKY is (-1.14 +1.43) meV ~ 290 /xeV. 
From eqn. (2), then, .f/anisotropy is estimated to be between 150 and 250//eV/(Gd ion), 
an order of magnitude larger than the typical value for the dipole interaction MAE. 
To put this value into context, TbNi2Ge2 has a strong single ion anisotropy with an 
easy axis along the unique c-axis. From the slope of the magnetization data with the 
applied magnetic field in the basal plane, [8] the MAE is estimated to be on the order of 
30 meV/(Tb ion), two orders of magnitude larger than the MAE estimated for the Gd 
member of this series. This stronger MAE forces the Tb magnetic moments to persist in 
a collinear magnetic arrangement down to the lowest measured temperature. Similar to 
the situation in GdNi2Ge2, the magnetic modulation vector in TbNi2Ge2 is (0 0 r), with 
T = ~0.76, corresponding to an antiferromagnetic interaction between nearest layers in 
c direction. Below the second transition at Tt = 9.3 K, the modulation vector jumps 
to a commensurate value r = 3/4, and additional antiferromagnetic order within every 
4th layer introduces a new magnetic modulation vector of (1/2 1/2 0). In contrast, in 
the absence of strong magnetic anisotropy, GdNi2Ge2 transforms to a spiral magnetic 
structure below Tt. Nevertheless, the anisotropy in the basal plane is strong enough to 
drive a transformation to the anisotropic collinear magnetic structure above Tt. 
The sizeable difference between the MAE measured here and that associated with 
the dipole-dipole interaction indicates that the dipole interaction itself is not sufficient to 
account for the basal plane magnetic anisotropy in GdNi2Ge2. We propose that, as was 
recently found for Gd metal, [56] conduction electron magnetic anisotropy provides the 
major contribution to the MAE. In this scheme, the strong 4/-5d exchange interaction 
effectively transfers the MAE of the conduction electrons to the 4/ states of Gd. An 
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important issue is that while the conduction electron MAE in Gd metal was calculated to 
be larger than the dipole MAE, it is of the same order of magnitude, again significantly 
smaller than the anisotropy energy measured here. Nevertheless, reference [56] does 
point out that the MAE is extremely sensitive to the fine structure close to the Fermi 
surface and previous investigations of GdNi2Ge2 [9] have pointed to strong Fermi surface 
nesting in this compound. Further theoretical and experimental work on this issue is 
clearly required. 
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6 CONCLUSION 
The branching ratio, the ratio between x-ray magnetic scattering intensity (XRMS) 
at heavy rare earth L3 and L2 edges, was revealed to arise from the effects of spin orbit 
coupling in the 5d band through systematic studies of x-ray resonant magnetic scatter­
ing intensities from the heavy rare earth L edges in i?Ni2Ge2 and linearized augmented 
planewave (LAPW) calculations employing LDA+U. For Gd, the 4f-bd exchange inter­
action is large and dominant over not only the spin orbit coupling, but also over other 
interactions. The branching ratio is close to 1:1, the expected value from band calcula­
tions when the spin orbit coupling in the 5d band is ignored. The XRMS intensity of Gd 
L3 and L2 edges is expected to be only weakly affected by specific crystal environment. 
In contrast to the x-ray magnetic circular dichroism (XMCD) for 3d transition metals, 
the branching ratio at rare earth L edges is not related to the orbital angular momentum 
in the magnetic 4/ shell. Therefore, deriving the orbital angular momentum of 4/ shell 
from the branching ratio by using a "sum rule" type of calculation is not valid. Instead, 
XRMS amplitude investigations can give us a better insight into the nature of the 5d 
orbitals, which play an important role in the RKKY interaction. 
For analysis of the XRMS intensities, the antiferromagnetic (AFM) domain structure 
must be considered. We found large AFM domains, comparable to the x-ray beam size 
in GdNi2Ge2. The single domain scattering was measured carefully with a very small 
beam size for various azimuth angles and temperatures. From this measurement, a 
second transition at 16 K was identified as a transformation from a collinear squared-
up structure, at high temperature, to a spiral structure below 16 K. Since the XRMS 
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scattering cross-section is strongly dependent on the magnetic moment direction, the 
magnetic domains may be discriminated by the intensities of the magnetic reflection. 
Therefore, the AFM domain structure was imaged by the XRMS intensity. From the 
AFM domain image, we found domains with magnetic moment directions along the 
tetragonal [1 1 0], in addition to [1 0 0] type domains. 
This collinear structure tells that there is an anisotropy in the basal plane. If this 
anisotropy were small then the helical structure would be stable up to Néel temperature 
Tn. Therefore, the presence of a collinear magnetic structure at higher temperature 
indicates that the magnetic anisotropy in the basal plane is strong enough to drive a the 
magnetic phase transition at 16 K. 
From the systematic study of XRMS intensities, we noted that the magnitude of the 
resonant scattering is largely determined by the strength of the exchange interaction 
between the 4/ and 5d electrons. At least for Gd, where the 4f-5d exchange interaction 
is large, the resonant scattering signal is closely related to the expectation value of 
the 4/ moment. Therefore, based on this information, and a single domain scattering 
data, we derived the ratio of the spin moments in the collinear and the helical structure 
of GdNigGe2 at the second magnetic transition temperature to estimate the magnetic 
anisotropy energy of Gd. Surprisingly, the estimated magnetic anisotropy energy of 
Gd in this compound is much higher than that of pure Gd metal (about a order of 
magnitude). This is expected to arise from the anisotropy in 5d conduction band. More 
theoretical study is necessary to understand this observation. 
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APPENDIX A INTENSITY CORRECTIONS 
To compare the magnetic scattering intensity for different x-ray energies, the energy 
dependent factor must be corrected. The absorption factor in the case of the large single 
crystal which surface is always larger than the illuminated area by incoming x-ray beam 
can be expressed as[67]: 
where z  is a depth from the surface of the crystal and 9  is the half of the scattering angle 
and a is an asymmetric angle which is the angle between the surface normal vector and 
the scattering vector Q and JJ,(E) is the absorption coefficient of the crystal. For a sym­
metric reflection, A = 0, the intensity is just proportional to the 1//J,(E). The absorption 
coefficient is energy dependent especially near the absorption edge. The absorption co­
efficient of the sample was obtained from the powder transmission measurement (See 
The throughput of the beam line is also dependent on the x-ray energies. From the 
monitor (ion chamber) to the detector, the incident and scattered x-ray beam passes 
through various media including air, the Be windows of the vacuum beam paths, the 
Be domes of the cryostat, and the polarization analyzer. The transmission changes for 
different x-ray energies. Furthermore, the response of the ion chamber and the efficiency 
of the polarization analyzer are energy dependent as well. Therefore, the throughput of 
the beam line was measured using the direct beam (See Fig. A.2). 
t i ( E ) z  n ( E ) z  g sin(0—a) sin(0+a) 
1 sin ( 9  —  a )  
2fi ( E )  s in  9  cos  a  
Fig. A.l). 
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Figure A.l The absorption coefficient, n measured with pow­
der samples of [Gdi/3Eri/3Tmi/3]Ni2Ge2 (upper) and 
[Gdi/4Tbi/4Dyi/4Hoi/4]Ni2Ge2 (lower). The solid line is 
calculated from the atomic absorption coefficients. 
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Figure A.2 The system throughput measured with the direct beam. All 
data was corrected for A1 absorption for each energy. The up­
per graph shows the direct beam intensity normalized by ion 
chamber count before the correction of the polarization factor 
of the analyzer and the lower shows after the correction. 
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APPENDIX B ENERGY LINE SHAPE 
Origin of the asymmetric energy line shape 
There are several reasons why the energy line shape of x-ray resonant magnetic scat­
tering is asymmetric. The principle reason is the spin up and down energy level splitting 
of 5d state. The resonant magnetic scattering strength for dipole transition FXRES.SI 
can be expressed as 
where E\njimj> and E\^rns> are initial and final energy. The initial states are described 
by atomic quantum number n, j, I, rrij because they are well localized core levels. If 
we assume that the spin, ms is a good quantum number for the final state, we can 
characterize the final states by a generalized quantum number, A (for a band state, A 
might be n, kx, ky, kz) and the spin, ms. p(E\xms>) is density of states of final states, 
|njlrrij > and |Ams > are initial and final states respectively, e is the polarization of 
the photon, r is the distance from the origin, and F is the core hole life time for the 
excitation. For simplification some substitutions are used as follows : 
XRES,S1 
(B.l) 
^2 —> \nJlmj >—> \i > initial state 
53 ->• 53' \^ms >-> 1/ > final state 
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then the scattering strength is written as : 
< z|e't • r \ f  > <  f \ e  •  r \ i  >  
Ei — Ef -f- hui — iY j2 -FXRES.SI ~ J d E f p ( E f )  53 53 i  m s  
1 I  A -  1 
= / DEF P(EF)Y;Y, 
< i |  E  >< /I £ \ > 
M-
\ q VU iM I «/ v I / v 1/ n 
-1 v 0 M'=—L V ° 
i  m 3  E i ~  E f  +  h u  -  i T / 2  
(13.2) 
Here, due to the selection rule for the dipole transition, M = M' = m s  — rrij .  Hence, 
î 
E CM < > 
~  E /  E i - E f + H . - , T / 2  ( a 3 )  
and e*M • eM can be expressed by following 
6* • Ci = ^(e • 6 — (e* • z) (e • z) — i(c* x e) • z) 
^ - Co = (c* -z)(fz) 
• e_i = |(e • e + (e* • z)(e • z) + z(e* x e) • z) 
For first harmonic magnetic satellite, only terms which contain — i(e* x e) • z are consid­
ered. 
>< /|ry
-'"
:
*<-*• -M) 
(B.4) 
We can take only one initial state such as 2pz/2 or 2pi/2 
-  /  W ) / | r ^ ; " / | r y - " > ( - « • » ) • <  
= <b-5> 
Now, we look carefully inside the matrix element for the transition. Let us simplify the 
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final states as two different states, spin up and down. 
p(E f )  = Pt<K-E/t) + 
| < > ^ = + 2M+fM+^ 
| < /|r%_i|z > |^ = + 2M_^M_^ 
where M+^ and M+± are the spin up and down matrix elements for the excitation of 
right circular polarized photon respectively. Similarly M_-j- and M_| are for left circular 
polarized photons, p^ and p± are the density of states for spin up and spin down. Now, 
we separate the matrix element for the radial part and the angular part 
M+t = _R+tQ+t .M+i = R+I.Q,+I 
M _ - ( •  =  M-I =  R-I.FL-I 
R stands for the radial part and f2 for the angular part. There is a certain relationship 
between radial parts and angular parts : 
R+T — R-T = -RT R+I = ^-4 = 
^ ^ — 
then 
| < > I' - | < f = (E? - - 0!.) 
Therefore, the scattering amplitude is 
= >  /  MMHEK)+ x  « )  • «) 
= U +t- ir/2 - -gt +t- ,R/2) <"+ - 4 M 
where = E/| — Ei and E± = Ef± — Ei. The energy difference between E^ and E± is 
usually several tenth of eV for rare-earth elements. Figure B.l shows real and imaginary 
part of the resonant scattering strength calculated from the equation. The real and 
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imaginary parts are connected by the Kramer-Kronig relation. The imaginary part of 
the scattering strength is strongly connected with X-ray magnetic circular dichroism 
(XMCD). 
Interference between the nonresonant and the resonant scatter­
ing 
Another important factor for the asymmetric energy line shape is the interference 
between the nonresonant and the resonant scattering. The nonresonant scattering inten­
sity is also dependent on the scattering angle but within a small energy range (± 25 eV) 
it can be considered as a constant value. The nonresonant scattering and the real part 
of the resonant scattering are in phase so they interfere each other. The real part of 
resonant scattering changes its sign when it crosses resonant energy, but the nonresonant 
scattering keeps its sign. It makes one side of resonance peak additive and the other side 
subtractive. The resonant magnetic enhancement have different signs at the L3 and L2 
edges. This yields an asymmetric shoulder in energy line shape on opposite sides when 
we observe the same magnetic reflection at both edges. The resonant and nonresonant 
magnetic scattering signs depend on magnetic moment direction and scattering angle. 
For the cr to TT geometry, the resonant scattering strength for the electron dipole tran­
sition (El) has a polarization dependent matrix element, which is —Z\ cos 9 + z3 sin 9. 
Here, Z\ is the magnetic moment direction unit vector component perpendicular to the 
scattering vector Q in the scattering plane and z3 is the component parallel to Q. The 
nonresonant matrix element is 2 sin2 9 [(Li + Si) cos 9 + S3 sin 9] where Li and Si are 
the angular momentum and spin components perpendicular to Q in the scattering plane 
and S3 is the spin component parallel to Q. If the magnetic moment direction is per­
pendicular to Q resonant and nonresonant parts have different signs and if parallel to 
Q they have same signs. 
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Figure B.l Energy line shape (above) and the real and imaginary parts 
of the resonant scattering strength (below) calculated based on 
the equation in the text. In this calculation 0.8 is used for the 
(Rlpl/R2pî) and 0.7 eV is used for the (E± — E^). 
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Figure B.2 Energy line shape for (0 0 L ± r) reflections of the 
[Gdi/3Eri/3Tmi/3]Ni2Ge2 at Gd L3 edge (above) and at L2 edge 
(below). All the data are corrected for sample absorption and 
scaled to be the same maximum intensity. 
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The angular dependence of the resonance magnetic scattering intensity has shown 
that the magnetic moment is in the ab basal plane for the [Gdi/3Eri/3Tmi/3]Ni2Ge2 
sample. For the (0 0 L±T) magnetic satellite peaks magnetic moments are perpendicular 
to Q. Large asymmetric shoulders were observed below the resonance energy for Gd, Br 
and Tm L3 edges and small shoulders above the resonance energy for Er and Tm L2 
edges. In Gd L2 edge, instead of shoulder above the resonance energy subtractive shape 
was found below the resonance energy. Similarly for the [Gd%/4Tbi/4Dyi/4H01 /4]Ni2Ge2 
sample, small shoulders were observed below the resonance energy for Gd, Tb, Dy and 
Ho L2 edges but no shoulder was found at the L3 edges. The energy line shapes were 
measured at different magnetic satellite reflection positions (0 0 L±T) for the Gd L2 and 
L3 edges. Figure B.2 shows the higher angle magnetic resonance has more asymmetry at 
the Gd L3 edge of [Gdi/3Er1/3Tmi/3]Ni2Ge2 sample. The opposite behavior is observed 
at the Gd L2 edge. The sin2 9 term of the nonresonant matrix element makes the 
nonresonant component to decrease more rapidly for lower angle scattering. 
Therefore, the interference shape can indicate the sign of the resonant scattering 
strength according to the sign of the nonresonant scattering strength. The relation 
between the signs of the nonresonant and resonant scattering is consistent with XMCD 
results. 
Fitting function for energy line shape 
In order to derive the resonant enhancement from the measured data a function was 
used to fit the energy line shape. This function is based on the equation and ideas which 
are discussed above. However, the energy difference by spin up and down splitting of the 
5d is so correlated to the resonant enhancement amount. Therefore, it is very hard to fit 
the asymmetry caused by the energy splitting. On the other hand, the asymmetry from 
the interference between the nonresonant and resonant scattering can be considered as 
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a fitting parameter to get rid of the nonresonant contribution in the energy line shape. 
From the equation B.5, 
fitaES
'
E1 K / <%/>(£/)1 < /Ir^- b' + 'rV2_l|î > ' H(e* x e) 'i]' 
the EFF — EI and EF± — EI are set to be the same value, E0 ,  and the nonresonant 
contribution is added, with considering only A to TT channel, then the equation will be 
-  iT)1  <  / | r r " ' L > - " >  | , ( -  + ^  
+ f m a g ( Q )  2 sin2 9  [(Li +  S i )  cos 9 +  S 3  sin 9 } .  
The constant factor was applied to set the same dimension. Finally, the scattering angle 
dependent terms (—z\ cos 0 + z3 sin 9) and 2 sin2 9 [(Lx + Si) cos 9 + S3 sin 9] fmag(Q) are 
substitute to Mres and Mnonres, respectively, and the transition matrix elements are 
simplified from | < f\rYjk\i > |2 to Fjk and separate the equation for real and imaginary 
parts then, 
r / m y  W., - f.-i) j, 
^res,nonres « ' j { [ 2  J  ( £ „  _  ^ 2  +  P / 4  
(  1 ( M ^ E K F N - F ^ M - H U )  Aw \ 
+  H IF J (E0  -  M2 + P/4 M'" + • 
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